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General introduction

1 General introduction

Antimicrobial resistance (AMR) poses a severe threat to human and animal health and has
become a global challenge in recent decades (O'Neill 2016; IACG 2019). Clinically healthy
animals can carry resistant bacteria. This is of concern, as no clinical symptoms means that
the infection remains undetected, making it easier for AMR-carrying bacteria to spread to other
animals or humans (Riafio et al. 2006; Pomba et al. 2017). The genes encoding for antibiotic
resistance are commonly located on mobile elements like plasmids, which can be transferred
from one bacterium (donor) to another bacterium (recipient). If the recipient happens to be a
pathogen, this can lead to infections that lack response to antibiotic therapy and therefore are
more difficult to cure (Gyles 2008). This in turn can result in treatment failures for diseases in
both human and veterinary medicine. It is estimated that 1.27 million people died from AMR-
attributed infections in 2019 (Antimicrobial Resistance Collaborators 2022). This number could
rise to 10 million people per year by 2050, if drug resistance continues to increase (O'Neill
2016). Livestock production is of specific interest as some American, African and Asian
countries, for example, still allow antibiotic use through antimicrobial growth promoters (AGPs)
(WOAH 2024). Using APGs in livestock promotes AMR, as especially subtherapeutic doses of
antibiotics leads to a selection for resistant bacteria and thereby, antibiotic-resistant bacteria
can spread along the food chain to humans (Samtiya et al. 2022). Among livestock, the
prevalence of antibiotic-resistant bacteria is particularly high in poultry production (Saliu et al.
2017). Moreover, chickens can harbour genes in their intestines that are resistant to reserve
antibiotics for humans and animals (Yang et al. 2022). Hence, alternatives to antibiotics are
urgently needed to support animal health and prevent infections caused by bacterial
pathogens, thereby reducing the use of antibiotics, curbing the spread of antibiotic resistance
and pursuing the One Health approach. In recent years, various alternative therapies have
already been investigated with varying effects, showing that there is not one silver bullet to
solve the problem (Mehdi et al. 2018). Instead, a promising approach could be the combination
of different strategies to achieve protection against bacterial infections, maintain productivity
and ensure food safety in poultry production. One concept already established is the transfer
of maternal antibodies through parent stock vaccination to the chicks, which then benefit from
passive immune protection, especially during the first two weeks of life (Gharaibeh and
Mahmoud 2013). In addition, early application of prebiotics and probiotics can be a useful tool
to promote a healthy, microbial colonization of the avian intestinal tract (Shehata et al. 2022).
This is especially important for poultry, as the maternal microbiome cannot be transferred to
the chick in conventional hatcheries, because hen and chick never meet. Since the
gastrointestinal tract serves as the first barrier to repel orally ingested, potentially pathogenic

microorganisms, enhancing gut health may help prevent infectious diseases. Furthermore,
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preselection of prebiotics and probiotics can be targeted to farm specific needs in order to
reduce pathogen proliferation (Zeilinger et al. 2021). However, little is known about the impact
of a strategy combining both strain-specific parent stock vaccination and the targeted use of
pre- and probiotics, particularly with regard to modulating the gastrointestinal microbiome to
prevent the spread of antibiotic-resistant bacteria or antibiotic resistance genes.

Thus, this study focused on investigating the potential complementary effects of specific parent
stock vaccination and a preselected pre- and probiotic combination in broilers. As the
effectiveness of pre- and probiotic combinations is strain-specific, an ex vivo assay was
performed using caecal contents from broilers to determine which pre- and/or probiotics can
inhibit the growth of antibiotic-resistant Salmonella enterica subspecies (ssp.) enterica serovar
Enteritidis (S. Enteritidis) and Escherichia coli (E. coli) field isolates. The most promising
combination was tested in an animal trial with chicks from vaccinated and non-vaccinated
parent stocks. The chicks were challenged with a multidrug-resistant E. coli field isolate on day
eight of live. The setup included a negative (no E. coli challenge, no vaccination, no pre-
/probiotics) and a positive (E. coli challenge, no vaccination, no pre-/probiotics) control group.
Furthermore, a group with chicks descended from vaccinated hens (no pre-/probiotics), a
group fed diets containing the pre-/probiotic combination (no vaccination) and a group with
chicks from vaccinated hens fed diets containing the pre-/probiotic combination were included,
all challenged with the multidrug-resistant E. coli field isolate. During the entire trial period
performance data were measured on a weekly basis and excreta samples were collected from
each pen on day 10, 14, 21 and 28. The excreta samples were used to determine the copy
numbers of antibiotic-resistant genes (sul1-3, dhfr1a, SHV-12). At the end of the experimental
period, on day 28, two chicks per pen were sacrificed, and crop and caecal digesta were
obtained. These samples served to analyse microbial metabolites (short chain fatty acids
[SCFA] and lactic acid), pH and the relative abundance of bacteria in the chicken

gastrointestinal tract.

1.1 Aim and objectives of the thesis
The aim of this thesis was to evaluate a preventive strategy consisting of a preselected pre-
and probiotic combination and a strain-specific parent stock vaccination in broilers with the
following objectives:
I.  Assess the ability of pre- and probiotics to inhibit the growth of antibiotic-resistant
Enterobacteriaceae in the digesta of broilers ex vivo
Il.  Testthe synergistic effects of preselected pre- and probiotics and strain-specific parent
stock vaccination on the performance and gut health of broilers challenged with a

multidrug-resistant E. coli strain
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lll.  Determine whether strain-specific preselected pre- and probiotics in combination with
specific parent stock vaccination can prevent the dissemination of antibiotic resistance

genes in broilers exposed to a multidrug-resistant E. coli strain.

To accomplish this both an ex vivo and an in vivo study were conducted and the findings were

summarized in two scientific articles.

1.2 Hypotheses
It was hypothesized that
I.  Pre- and probiotics can reduce the growth of antibiotic-resistant Enterobacteriaceae in
the digesta of broilers ex vivo.

IIl.  Preselected pre- and probiotics complement strain-specific parent stock vaccination for
promoting performance and gut health of broilers under challenge with a multidrug-
resistant E. coli strain.

lll.  Preselected pre- and probiotics together with strain-specific parent stock vaccination
can prevent the spread of antibiotic resistance genes in broilers under challenge with

a multidrug-resistant E. coli strain.
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2 Literature Review

2.1 Beneficial impacts of intestinal bacteria on poultry health and
performance

Intestinal bacteria are one part of the gastrointestinal microbiome, which encompasses
heterogenous microorganisms, not only bacteria, but also eukaryotes, archaea and viruses,
that reside in the gastrointestinal tract (GIT) of a host organism (Singh et al. 2014). Under field
conditions, a well-adapted host microbiome system can provide various advantages such as
enhanced nutrient utilization and thus improved conversion of the ingested feed (Pan and Yu
2014). Furthermore, interactions between gastrointestinal microbiota and the host can promote
a functional immune system that tolerates feed antigens and commensal bacteria, while
providing appropriate immune reaction against enteric pathogens (Kogut et al. 2020). Since
commercial poultry meat production focuses on fast and high bodyweight gains and the egg
production industry gears for high laying rates, both efficient nutrient utilization and adequate
immune protection against pathogens are of elementary importance. Today, bacteria receive
the main research focus in intestinal microbiota in avian species, probably because they are
the most abundant domain (Singh et al. 2014). However, other gastrointestinal microbiota such
as the archaea, particularly Methanobrevibacter in poultry (Saengkerdsub et al. 2007; Cisek
et al. 2023) should not be underestimated, as they can convert various bacterial fermentation
products such as hydrogen, potentially affecting the habitat conditions for the overall
microbiome (Borrel et al. 2020; Cisek et al. 2023).

2.1.1 Gastrointestinal health and competitive exclusion

The digestive tract of poultry can be divided into different compartments. The beak, crop,
oesophagus, proventriculus, gizzard, duodenum, jejunum and ileum belong to the upper
digestive system. The lower digestive tract of chickens is composed of two caeca, the colon
and the cloaca. The milieu of these compartments differs in multiple ways, such as the nutrient
composition in the digesta, pH levels and oxygen status, resulting in local varieties of bacterial
colonisation (Gong et al. 2007; Rehman et al. 2007; Bindari and Gerber 2022). While the
bacterial population is dominated by the genus Lactobacillus in the upper digestive tract, a
more diverse and denser colonisation is typically detected in the caeca and hindgut (Gong et
al. 2007; Rehman et al. 2007; Bindari and Gerber 2022). In addition, the intestinal bacterial
composition depends on the host (e.g. age and breed) and on external factors such as
husbandry and feed (Kers et al. 2018).

Based on various approaches, promotion of beneficial bacteria in respective compartments
can in turn help to maintain or improve gut health (Shehata et al. 2022). One desired impact

of a balanced, mature bacterial community in the gastrointestinal tract (GIT) is to reduce the
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abundance of potentially deleterious microbes (Clavijo and Flérez 2018). Beneficial bacteria
may be able to accomplish this by inducing adverse living conditions for pathogens. For
instance they (l) colonize ecological niches and thereby inhibit the attachment to the intestinal
wall by pathogens (Kim et al. 2008; Wang et al. 2018), (Il) compete for limiting nutrients in the
GIT (Maltby et al. 2013) or (lll) produce antimicrobial substances like bacteriocins (Kim et al.
2015; Vieco-Saiz et al. 2019) and organic acids (Fukuda et al. 2011; Neal-McKinney et al.
2012; Tejero-Sarifiena et al. 2012). These three basic mechanisms are generally referred to
the term competitive exclusion (CE) (Nurmi et al. 1992). Originally, the Finnish scientists Nurmi
and Rantala introduced the concept of CE in 1973 as a method to prevent intestinal Salmonella
enterica subsp. enterica Serovar Infantis (S. Infantis) colonization in broilers (Nurmi and
Rantala 1973; Nurmi et al. 1992). The underlying idea of their experiments was to enhance the
intestinal microbiome development of newly hatched broiler chicks by oral administration of
crop and intestinal digesta of adult, healthy chickens (Nurmi and Rantala 1973). This pre-
treatment with adult GIT-contents was administered during the first two days of life, one day
before S. Infantis challenge and resulted in the absence of S. Infantis in the digestive tract of
several treated chickens (69 — 77 %), in contrast to control birds (Nurmi and Rantala 1973). In
the following years, administration of CE pre-treatments to chicks was also successfully
examined to reduce other (foodborne) pathogen concentrations in the digesta such as
Salmonella enterica subsp. enterica Serovar Enteritidis (S. Enteritidis) (Mountzouris et al.
2009) and Campylobacter jejuni (Hakkinen and Schneitz 1999; Schneitz and Hakkinen 2016)
or extended-spectrum beta-lactamase (ESBL)-producing E. coli in broilers (Ceccarelli et al.
2017). Finally, these outcomes indicate the protective effects of an early establishment of a
complex and mature microbiome in young chicks with naive GIT colonization, to prevent the
pathogen colonization in the gut and thereby enhance poultry health.

Another advantage of intestinal bacteria on GIT health is the expansion of nutrient utilization
and production of metabolites. Intestinal bacteria are capable of breaking down various diet
components, that cannot be degraded by host enzymes, namely dietary fibre (Pan and Yu
2014). For instance, some intestinal bacteria detected in poultry are able to degrade soluble
non-starch polysaccharides (NSPs) such as -glucans, found in plant cell walls and enriched
in the endosperm of barley and oats (Beckmann et al. 2006). Soluble NSPs form a high viscous
digesta that affects not only intestinal microbial composition (Smits et al. 1998), but also
macronutrient digestion, which in turn hinders growth (Smits et al. 1997). Thus, the activity of
bacterial NSP-fermenting enzymes can be important for GIT physiology, as known from
probiotic studies (Latorre et al. 2014; Latorre et al. 2015).

Among microbial metabolites short-chain fatty acids (SCFA) are of specific interest. Beside
protecting against pathogens by acidifying the digesta (Dittoe et al. 2018), they can provide
intestinal integrity by improving GIT morphology (Liu et al. 2021). Lactate and SCFA (e.g.
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acetate, propionate, butyrate, valerate, isovalerate and isobutyrate) are common fermentation
products of intestinal bacteria found in the GIT of poultry (Rehman et al. 2007; Goodarzi
Boroojeni et al. 2014; Ren et al. 2019). In particular, butyrate is known to serve as primary
energy source for colon and caecum epithelial cells (Roediger 1982; Fleming et al. 1991). In
addition to trophic effects, butyrate can influence intestinal cell proliferation and differentiation,
apoptosis and mucus synthesis (Guilloteau et al. 2010). In broiler chickens, sodium butyrate
intake has been shown to affect histological intestinal morphology by increasing villus height
(VH), villus height to crypt depth ratio (VH:CD), and mucosa thickness (Mallo et al. 2021).
Regulation of mucin production might be induced through modulation of mucine gene (MUC)
expression in intestinal goblet cells, especially when butyrate is the major energy source
(Gaudier et al. 2004). Moreover, butyrate may regulate tight junction functionality and thereby
reduce intestinal permeability in chickens (Zou et al. 2019; Liu et al. 2021), arguing for the
beneficial potential of butyrate-producing bacteria in the chicken’s GIT (Xu et al. 2021).

In summary, utilization of undigested nutrients, strengthening of the intestinal barrier, and
inhibition of pathogen proliferation can be considered as main advantageous effects of
intestinal bacteria on gastrointestinal health. Another benefit of colonization with commensal

bacteria is the modulation of immune function.

2.1.2 Immune modulation
The early immune protection of day-old chicks is mainly characterized by maternal antibodies,
which they receive via the egg yolk or via the albumen (Kaspers et al. 1991; Ulmer-Franco et
al. 2012). While immunoglobulin (Ig) Y, related to mammalian IgG and IgE (Warr et al. 1995),
is absorbed via the egg yolk into the embryo's blood system, the uptake of IgA and IgM
antibodies via the amniotic fluid probably leads to passive immune protection directly in the
intestine (Rose and Orlans 1981). In addition, also active immune response via the innate
immune system (e.g. macrophages) shows functionality at hatch (Kaspers et al. 2015; Eren et
al. 2016). In contrast, the adaptive immune system of neonatal chicks appears rather naive,
indicated by an insufficient humoral response against antigens (Mast and Goddeeris 1999)
and fewer lymphocyte cells in the caecum (Kaspers et al. 2015) compared to older chickens.
With age, not only the acquired immune response, but also the intestinal bacterial diversity (Lu
et al. 2003; Kers et al. 2018) increase in chickens. As shown in comparison to germfree birds,
intestinal bacterial colonization could have an impact on development of the adaptive immune
system for example via Ig expression (Kaspers et al. 2015; Volf et al. 2017). Moreover,
colonization with commensal bacteria leads to induction of proteins that reduce apoptosis and
inflammatory response (Volf et al. 2016). Combined with the effects of CE, this could help
control (foodborne) pathogens and reduce lesions in the GIT of poultry (Han et al. 2017). As

foreign antigens are rare in hatcheries with strict hygienic measures, it can be concluded that
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the development of acquired gut associated immune system of young chicks hatched under
these conventional conditions is relatively delayed. Evidence could be found in a study
comparing chickens exposed to maternal faeces with specific-pathogen free (SPF) chickens
(Zenner et al. 2021). Early contact to maternal microbiota led to favorable effects including a
more diverse caecal microbiome, associated with higher plasma IgY, IgA and caecal IgA levels
than observed in SPF-birds (Zenner et al. 2021). These effects were only partly achieved
(increased plasma IgA, but not IgY) when chicks received a synthetic community of nine
diverse bacterial species post hatch (Zenner et al. 2021). Furthermore, microbial colonization
was shown to enhance innate factors such as goblet cell numbers and MUC2 expression in
the small intestine of chickens at 7 days of age (Cheled-Shoval et al. 2014), which are
important factors for the mucin production, belonging to the first line of defense in the GIT.
However, activation of the host immune response must not lead to an inappropriate,
exaggerated inflammatory reaction towards feed or the resident microbiota. This would be at
the expense of energy and thus performance, as an activated immune system requires a
certain amount of glucose (Kvidera et al. 2017). A physiological homeostasis might be induced
by commensal bacteria through microbial-associated molecular patterns, sensed by host
pattern recognition receptors such as Toll-like receptors (TLRs) as part of the innate immune
system (Rakoff-Nahoum et al. 2004; Brisbin et al. 2008). Ten TLR genes have already been
detected in chickens (Nawab et al. 2019). Moreover, SCFA produced by intestinal bacteria can
influence the production of inflammatory cytokines and thus protect the gut tissue from
inflammation (Yang et al. 2020; Liu et al. 2021).

Overall, the crucial immunological role of intestinal bacteria is to support the development and
maturation of the host (gut) immune system (Broom and Kogut 2018), thereby activating
defense mechanisms against enteric pathogens while maintaining tolerance to intestinal
commensals (Kogut et al. 2020). In order to benefit from these effects, targeted early exposure

to appropriate gut bacteria is of utter importance in poultry (Rodrigues et al. 2021).

2.1.3 Performance enhancement
In broiler production, the term performance usually refers to growth performance including
body weight gain (BWG), feed intake (FI) and feed conversion ratio (FCR). Various bacterial
strains have already been associated with improved performance in poultry (Gadde et al. 2017,
Bindari and Gerber 2022). The production of additional digestive enzymes by the
microorganisms could be one explanation for this (Shin et al. 2008; Latorre et al. 2015), but
also support of (intestinal) health, so that less energy has to be expended on the immune
response (Kvidera et al. 2017). However, it is often difficult to prove whether the associations
of bacterial abundance with performance improvement are causal relationships. Especially

since the bacteria associated with improved performance seem to vary depending on the basic
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composition of the microbiome (Stanley et al. 2016). In addition, the microbiome of high-
performance chickens appears to vary depending on the farm where they were housed
(Duquenoy et al. 2020).

In recent decades, different members of Lactobacillaceae including species like
Lactobacillus casei, Lactobacillus fermentum, Lactobacillus reuteri or Lactobacillus bulgaricus
have been reported to have advantageous effects on BWG (Yeo and Kim 1997; Khan et al.
2007; Salim et al. 2013; Xiang et al. 2022) or FCR (Khan et al. 2007; Xiang et al. 2022) when
used as feed additives in chickens. Although studies with positive outcomes seem to prevail in
the investigation of Lactobacilli as probiotics, some experiments revealed that poor
performance parameters could also be related to the genus Lactobacillus (Stanley et al. 2016).
For example, Lactobacillus salivarius, Lactobacillus aviarius and Lactobacillus crispatus
colonize the small intestine of chickens and have been associated with poor FCR in broilers
(Torok et al. 2011; Torok et al. 2013; Dittoe et al. 2022). The bile salt hydrolase activity and
thus effect on fat digestion might be one part of explanation, why Lactobacillus species can
impair growth (Knarreborg et al. 2002). In contrast, Ruminococcus torques and Clostridium
lactatifermentans, bacteria of the Lachnospiraceae family and resident in the caecum of the
chicken, could be related to enhanced performance (Torok et al. 2011). Another study
confirmed that intestinal bacteria belonging to the Lachnospiraceae and Ruminococcaceae
families were highly abundant in chickens with low FCR (Stanley et al. 2016), indicating higher
efficiency in converting feed to body mass. The beneficial effect of Lachnospiraceae and
Ruminococcaceae could be based on the ability to utilize complex carbohydrates found in plant
cells such as cellulose and hemicellulose (Biddle et al. 2013). Those substances are not
degradable by the host enzymes, but the metabolites such as SCFA, produced by the intestinal
bacteria can in turn provide additional energy. In addition to the effects on gut health and
immune function described in sections 2.1.1 and 2.1.2, SCFA are known to serve various
species as a source of energy (Bergman 1990). Accordingly, they can amount up to 5 % of the
energy requirements in chickens (Svihus et al. 2013). Among Ruminococcaceae the genus
Faecalibacterium, particularly Faecalibacterium prausnitzii is a representative commonly
associated with performance enhancements in birds in various experiments (Singh et al. 2012;
Stanley et al. 2016; Crisol-Martinez et al. 2017; Gangadoo et al. 2018). Since this species is
capable of fermenting substances such as cellobiose, inulin or fructooligosaccharide (FOS)
and produces large amounts of butyrate (Duncan et al. 2002), this may contribute to the
coincidence of beneficial effects in the cited publications. Butyrate has been shown to increase
VH in the small intestine of broiler chickens, resulting in improved performance (Chamba et al.
2014; Mallo et al. 2021), likely attributed to the enlarged surface area for nutrient absorption.
Another approach to improve productivity and well-being in poultry through intestinal bacteria

could be the modulation of neuroendocrine signalling via the microbiota-gut-brain axis
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(VillageliG and Lyte 2017). Through this axis, not only do the neurochemicals produced by the
host have an impact on the microbiota, but the gut microbiome can also produce neuroactive
compounds that may influence host behaviour (VillageliGi and Lyte 2017). In a recent study,
the authors explored the effects of heat stress, Eimeria spp. and/or Clostridium perfringens
(C. perfringens) infections on the neurochemical profile of monoamines in the central nervous
system of broiler chickens (Calefi et al. 2019). They found that co-infection with Eimeria spp.
and C. perfringens modulated neurochemical monoamines related to the hypothalamus-
hypophysis-adrenal axis, which are responsible for sickness behavior and thus poor production
performance in poultry (Calefi et al. 2019).

To summarize, these studies indicate the potential of intestinal bacteria to influence poultry
health, performance and well-being. Thus, modulation of bacterial composition in the GIT could

be a promising tool for minimizing AGPs or therapeutic antibiotic use in poultry production.

2.2 Antibiotic-resistant bacteria in poultry production
Antibiotic resistance exists naturally, but inadequate use of antibiotically active substances can
result in proliferation of resistant bacteria via an increase in selection pressure (Cantén and
Morosini 2011; Gaze et al. 2013). Since antibiotics are used in various sectors such as feed
and food production, veterinary and human medicine and the environment, a One Health
concept that unites the different stakeholders is necessary to sustainably curb the spread of
antibiotic resistance (IACG 2019). Peculiar to livestock production is the application of
antibiotics not only to cure diseases, but also as growth promoters without veterinary
prescription. AGPs are still allowed for example in some American and Asian countries (WOAH
2024). In a survey by the World Organization for Animal Health (WOAH), 36 out of 152
participants worldwide still reported the use of AGPs in 2021, with 50 % of them additionally
citing a lack of regulatory framework (WOAH 2024). Again, 75 % of respondents who stated
using antimicrobial growth promoters were concentrated in the Americas and Asia and the
Pacific (WOAH 2024). In the next subsections, livestock and, by proxy, poultry will be
addressed, with particular attention to the bacterial species S. Enteritidis and E. coli studied in
the experiments of the present thesis. However, with regard to the emergence and spread of

antibiotic resistance, antibiotic applications in other sectors must also be considered.

2.2.1 Application of antibiotics and development of antibiotic resistance
The resistance of a bacterium to an antibiotic substance can arise naturally through
spontaneous, undirected de novo mutations or it can be acquired by horizontal gene transfer
via mobile genetic elements (Duréo et al. 2018). Even before the intensive use of antibiotic
products by humans in animals and the environment, antibiotic resistance genes existed

(Bhullar et al. 2012). Nevertheless, (inappropriate) use of antibiotics accelerates the
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development and spread of antibiotic-resistant bacteria and resistance genes by creating a
selective advantage for resistant microorganisms (Cantén and Morosini 2011; Perry and
Wright 2014). Consequently, high prevalence of antibiotic resistance has been demonstrated
more frequently in history shortly after the introduction of a new antibiotic product (Davies and
Davies 2010; Castro-Vargas et al. 2020).

One of the first antibiotic agents used in veterinary medicine was Sulphanilamide, a
sulphonamide antibiotic used to treat bovine mastitis in 1937 (Allott 1937; Lees et al. 2021). In
poultry production, treatment with sulphonamides via feed became quite relevant starting in
1948 with the commercial introduction of sulfaquinoxaline for the prevention of coccidiosis
(Campbell 2008). Moreover, as early as 1946, antibiotics like streptomycin and sulfasuxidine
were reported to have growth-promoting effects in chickens (Moore et al. 1946; Jones and
Ricke 2003), indicating the beginning of the nontherapeutic use of antibiotics in animal
production. In 1951, antibiotics were officially approved in the United States as growth
promoting feed additives without veterinary prescription (Jones and Ricke 2003). Concurrently,
poultry production intensified in the 20" century with improved growth performance and laying
rates due to breeding success (Tixier-Boichard et al. 2012; Siegel 2014) and advanced diet
formulations (Elwinger et al. 2016). Antibiotics have been systematically used in poultry and
other food-producing animals since the mid-20" century (Jones and Ricke 2003; Lees et al.
2021) to contain the spread of pathogenic bacteria and maintain high production levels.
However, the ample use of antibiotics did not remain without consequences. Around 1950,
several scientists have already reported the association between feeding antibiotics to poultry
and the detection of bacterial resistance to the same antibiotic substances in faecal or digesta
samples (Starr and Reynolds 1951; Barnes 1958; Elliott and Barnes 1959). Moreover,
evidence for the transmission of antibiotic-resistant E. coli plasmids from chicken to chicken
and from chicken to human handlers could be found (Levy et al. 1976; van den Bogaard et al.
2001). Current research show significant correlations between AMR and application of
antibiotics in broiler farms (Ceccarelli et al. 2020) and the prevalence of antibiotic resistance
in conventional poultry production is significantly higher than in production systems without
antibiotic use (Mak et al. 2022). Meanwhile, national and international measures like the
phasing out of AGPs from 2006 in the European Union (EU) (European Parliament and the
Council 2003) have already led to a reduction in antibiotic use. In 2022, a total of around 4,458 t
of antibiotic veterinary medicinal products for food-producing animals were sold in 31
European countries (EMA 2023). This equals to a 53.0 % reduction of antibiotics dispensed to
food-producing animals, compared to the data registered in 2011 (EMA 2023). In Germany,
the sales of antimicrobial agents in veterinary medicine was reduced by 68 % within 11 years
to around 540 t in 2022 (Klabunde-Negatsch 2023).
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2.2.2 Salmonella Enteritidis

Salmonella infections in humans are frequently associated with the consumption of animal
products or the handling of animals (EFSA and ECDC 2022). After campylobacteriosis,
salmonellosis was the most commonly reported foodborne gastrointestinal infection in the EU
in 2021 (EFSA and ECDC 2022). Among the various Salmonella serovars, S. Enteritidis was
the leading cause of foodborne outbreaks (EFSA and ECDC 2022). Mainly poultry products
such as raw chicken meat or eggs pose a high risk of infection. In 2021 broiler flocks and meat,
followed by laying hens and eggs, emerged as major sources of S. Enteritidis infections in
humans in the EU (EFSA and ECDC 2022). Since salmonellosis is commonly treated with
antibiotics, antibiotic-resistant Salmonella strains pose a major threat to human and animal
health. Moreover, strong evidence exists for the transmission of resistant Salmonella spp. from
non-human sources to humans (WHO 2019). Therefore the WHO rated antibiotic classes like
quinolones or 3™ and higher generation cephalosporins, which are used to treat serious
infections with Salmonella strains, as “highest priority critically important antimicrobials” for
human medicine (WHO 2019). In the literature, S. Enteritidis is described as the most common
serotype among antibiotic-resistant Salmonella strains in poultry products worldwide (Castro-
Vargas et al. 2020). Several reports show high prevalence of antibiotic resistance of
Salmonella spp., particularly to nalidixic acid (fluoroquinolone class) and ampicillin (beta-
lactam class) in the poultry production chain (Castro-Vargas et al. 2020; La et al. 2021). In
addition, even a high prevalence of multidrug-resistant Salmonella strains associated to poultry
samples has been frequently reported in various studies (Carraminana et al. 2004; Castro-
Vargas et al. 2020; La et al. 2021; Kipper et al. 2022).

2.2.3 Escherichia coli
Like Salmonella spp., E. coli bacteria belong to the Enterobacteriaceae family. They occur as
commensals in the GIT of poultry. However, there are also the avian pathogenic E. coli strains
(APECs), which primary or secondary cause colibacillosis and may have a zoonotic potential
(Nolan 2020). Colibacillosis terms various local or systemic disease patterns that can lead to
high economic losses in poultry farming due to mortality or condemnation rates (Nolan 2020).
An E. coli infection is usually treated with antibiotics. However, antibiotic resistances are often
present in both commensal and pathogenic E. coli strains of poultry sources (Blanco et al.
1997; van den Bogaard et al. 2001; Ozawa et al. 2008) and evidences for transmission of
antibiotic resistance from avian E. coli strains to humans have been reported (Levy et al. 1976;
van den Bogaard et al. 2001). As early as 2017, the WHO classified carbapenem-resistant and
3 generation cephalosporin resistant Enterobacteriaceae as pathogens with critical priority
for the development of new antibiotics (WHO 2017). Furthermore, E. coli has been identified

as the leading pathogen for human deaths attributable to AMR globally in 2019 (Antimicrobial
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Resistance Collaborators 2022). Particularly, of the 1.27 million human deaths attributable to
bacterial AMR in 2019, E. coli strains were estimated to be responsible for a total of 219,000
cases (Antimicrobial Resistance Collaborators 2022). The highest prevalence of ESBL-
producing Enterobacteriaceae among livestock has been detected in poultry flocks and poultry
products (Saliu et al. 2017). In addition, E. coli was found to be the bacterial species most
commonly carrying ESBL genes in poultry, along with Salmonella spp. (Saliu et al. 2017). Due
to this high prevalence of resistance to beta-lactam antibiotics, colistin or enrofloxacin are often
the drugs of choice for the treatment of colibacillosis in poultry (Glisson et al. 2004; Kempf et
al. 2013). However, both antibiotics fall under antibiotic classes (polymyxins or quinolones)
that have been classified by the WHO as critically important antibiotics with the highest priority
for human medicine (WHO 2019). Concurrent, correlations between polymyxin resistance and
antimicrobial use have been demonstrated for commensal E. coli in broilers in European
countries (Ceccarelli et al. 2020). In the aforementioned study, antibiotic use data and E. coli
resistance data were collected from the same farms and later pooled and correlated at the
country level for each antimicrobial class in relation to the animal species (Ceccarelli et al.
2020). Colistin is classified by the WHO as a reserve antibiotic for human medicine (WHO
2021). Furthermore enrofloxacin is rated as “veterinary critically important” and colistin as
“veterinary highly important” antimicrobial agent by the WOAH (OIE 2021). The stated WHO
and WOAH classifications could lead to future restrictions on the use of colistin and
enrofloxacin as preventive or first-line treatments and AGPs in poultry production, as
recommended by the WOAH (OIE 2021). Finally, against the background of possible therapy
restrictions and considering transmission of antibiotic-resistant bacteria to humans, effective

and safe prophylactic strategies are warranted as antibiotic alternatives in poultry production.

2.3 Alternative strategies against deleterious bacteria in poultry
To control GIT pathogens and thus optimize (gut) health in poultry, several measures have
already been investigated. Frequently studied alternatives to antibiotics used in poultry studies
include feed supplements like prebiotics, probiotics, synbiotics, postbiotics, organic acids,
phytobiotics or bacteriophages (Ayalew et al. 2022; Shehata et al. 2022; Zia and Alkheraije
2023). Moreover, the application of vaccines in food-producing animals can also help to
minimize antibiotic use (Hoelzer et al. 2018). Since this thesis investigated the effects of parent
stock vaccination in conjunction with a pre-and probiotic combination, this chapter focuses

specifically on the effects of these measures on poultry health.
2.3.1 Prebiotics

The term prebiotic is defined as “a substrate that is selectively utilized by host microorganisms

conferring a health benefit” by the International Scientific Association for Probiotics and
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Prebiotics (ISAPP) (Gibson et al. 2017). According to the definition, various classes of
substances can be described as prebiotics, although most approved prebiotics are based on
carbohydrates (Gibson et al. 2017). Since the prebiotics are not degradable by the host
enzymes, they can be used as nutrient source by the established microbiota. This can lead to
an altering intestinal microbial composition (Kim et al. 2011; Teague et al. 2023) and
microorganisms can in turn produce beneficial metabolites like SCFA or vitamins as described
in subchapter 2.1. In addition, prebiotics have been demonstrated to modulate the intestinal
immune function in favour of poultry health (Adhikari et al. 2018; Song et al. 2020b; Shani and
Irani 2024). Frequently studied prebiotics in poultry include inulin and oligosaccharides like
FOS, mannan oligosaccharide (MOS) and galactooligosaccharide (GOS). Inulin and FOS are
particularly addressed in the next subchapters. MOS can influence the microbiota in the small
intestine of broilers by decreasing C. perfringens and E. coli populations and increasing
lactobacilli (Kim et al. 2011). GOS was found to modify the caecal microbial composition in
growing broiler chicks and contribute to a beneficial intestinal morphology by a linear increase
of mucosa thickness and VH with increasing GOS levels (Teague et al. 2023). In addition, a
microbiome shift due to GOS application could lead to an impairment of Salmonella

colonization in the chicken intestine (Azcarate-Peril et al. 2018).

Inulin

Inulin is a polysaccharide, mainly consisting of fructose monomers with B-glycosidic bonds
(Shoaib et al. 2016). Due to its B-glycosidic bond, inulin cannot be hydrolyzed by the host's
own enzymes in the GIT (Buctaw 2016). Thus, the polysaccharide reaches the large intestine
of monogastric animals, where it serves as a substrate for microbial fermentation by potentially
beneficial bacteria (Buctaw 2016). As a result of the microbial inulin utilization, certain SCFA-
concentrations like n-butyrate can be increased and lower pH values can be detected in the
caecum of chickens (Rehman et al. 2008). Moreover, inulin has been detected to invigorate
the gut barrier and decrease the mucosal expression of pro-inflammatory cytokines, which
could make the intestinal environment unfavorable for pathogens such as Salmonella (Song
et al. 2020b). In addition, inulin affects the microbial functional metabolism, which might explain
the microbiome changes detected in chicken receiving the prebiotic (Song et al. 2020a).

Impacts of inulin on poultry affected by bacterial challenges are shown in Table 2.1.
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Table 2.1 Impacts of inulin on chickens affected by bacterial challenges compared to the positive control (challenged without inulin supplementation).

Challenge bacteri- Chickens Inulin Effects Reference
um, challenge do- application
sage [cfu/bird] for [g9/kg diet]
oral application
S. Enteritidis, Broilers, 50r10 ¢ reduced mucosal gene expression of pro-inflammatory (Song et al.
1 x 108cfu Arbor cytokines (e.g. Interferon-y, Interleukin [IL]-6, IL-1B) 2020b)
Acres, SPF e elevated expression of Mucin2 and tight junction protein Claudin-1
e increased expression of TLR-4
e improved immune response (serum IgA, I1gG, secretory IgA)
e increased small intestine VH and VH:CD, reduced CD
S. Enteritidis, Broilers, 50r10 e enhanced acetate and butyrate concentrations (Song et al.
1 x 108cfu Arbor ¢ reduced microbial metabolic pathways related to amino acid metabolism  2020a)
Acres, SPF and energy metabolism
e elevated abundance of the bacterial secretion system
¢ 10 g/kg: higher abundance of Firmicutes (Lactobacillus
and Streptococcus)
C. perfringens, Broilers, 0.025 ¢ lower meat nitric oxide levels (indicating antioxidant effect) (Guaragni et al.
4 x 108 cfu Cobb ¢ no effects on growth performance or meat quality (e.g. pH, colour or 2020)

water retention capacity)
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Challenge bacteri- Chickens Inulin Effects Reference
um, challenge do- application
sage [cfu/bird] for [g/kg diet]
oral application
S. Enteritidis, Commercial 0.15* e reduction in S. Enteritidis counts in caecal contents during the first week  (Murate et al.
1 x 108cfu broilers and post infection 2015)

layers

* Diet contained inulin with oligosaccharides at the same quantitative proportion.
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Fructooligosaccharide

FOS can be generated by inulin hydrolysis and contains between two and ten fructose
monomers (Flores-Maltos et al. 2016). Like inulin, this fructan cannot be utilized by the host
animal due to its B-linkages (Ricke 2015). It therefore serves as nutrient for the native GIT
microbiota in the large intestine of monogastric animals (Ricke 2015). As early as in 1991 and
1999, positive effects of FOS alleviating Salmonella colonization in chicken caeca were
observed (Bailey et al. 1991; Fukata et al. 1999). The prevention of pathogens might be due
to the modulation of intestinal immune parameters (Adhikari et al. 2018) and the selective
growth advantage of possibly advantageous bacteria (Kim et al. 2011; Saminathan et al. 2011;
Shang et al. 2018) in the presence of FOS supplementation. In contrast, it has been proven
that various Salmonella serotypes are unable to grow in the presence of FOS as single
carbohydrate source (Oyarzabal and Conner 1995). Current findings regarding the effects of

FOS on chickens affected by bacterial challenges are listed in Table 2.2.

2.3.2 Probiotics

After the Food and Agriculture Organization of the United Nations (FAO) and the WHO had
jointly revised the term of probiotics in 2001 (Hill et al. 2014), the definition was only
grammatically adapted by the ISAPP in 2014 and reads: “live microorganisms that, when
administered in adequate amounts, confer a health benefit on the host” (Hill et al. 2014). Thus,
inanimate microbes or their components which also have desirable impacts on host health
must be distinguished from the probiotic classification and are termed postbiotics (Salminen et
al. 2021). Various mechanisms of probiotics have been investigated in the context of improving
poultry health and performance. These include supporting the host’'s immune function (Farnell
et al. 2006; Wu et al. 2019b; Memon et al. 2021), promoting the GIT barrier (Wu et al. 2019b;
Memon et al. 2021), reducing intestinal pathogens (Reuben et al. 2021) or enhancing growth
performance (Lipinski et al. 2021; Reuben et al. 2021; Xu et al. 2021). Probiotics currently
authorized in the EU as feed additives (gut flora stabilizers) for poultry according to regulation
(EC) No 1831/2003 (European Parliament and the Council 2003) are summarized in Table 2.3.
As an example of the utility of probiotics in poultry nutrition, Bacillus and Enterococcus species
are discussed in more detail in the following subchapters.

Furthermore, a combination of pre- and probiotic products is commonly termed as synbiotic.
According to the ISAPP a synbiotic is defined as "a mixture comprising live microorganisms
and substrate(s) selectively utilized by host microorganisms that confers a health benefit on
the host" (Swanson et al. 2020). Just as for prebiotics and probiotics alone, the health
promoting effect of a synbiotic can be multifaceted, e.g. it can affect the microbial composition
(Slizewska et al. 2020), the host immune response (Fazelnia et al. 2021) and/or the GIT

morphology (Fazelnia et al. 2021) in poultry.
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Table 2.2 Impacts of fructooligosaccharide (FOS) on chickens affected by bacterial challenges compared to the positive control (challenged without
FOS supplementation).

Challenge bacterium, Chickens FOS Effects Reference
application type, application

challenge dosage [cfu/bird] [g/kg diet]

E. coli O78, Broilers, 5 e increased total short-chain fatty acids and valeric acid (Ding et al.
oral, Arbor concentrations in caeca 2019)

1 x 108cfu Acres e reduced jejunal crypt depth

e decreased serum diamine oxidase level

S. Enteritidis, Layers, 50r10 e upregulation of Interferon-y mRNA (Adhikari et
oral, White 10g/kg diet: al. 2018)
2.4 x 108cfu or Leghorn e lower prevalence of S. Enteritidis in caecal contents

1.7 x 108 cfu e reduced S. Enteritidis counts in excreta

e increased mMRNA expression of TLR-4

e higher number of IgA-positive cells in the lamina propria of

the ileum
E. coli, Broilers, 10 e higher body weight gain (Yang et al.
oral and drinking water, Cobb e lower C. perfringens number in the jejunum 2008)
1 x 107 cfu or 2 x 107 cfu oral, e enhanced lactic acid concentration in the ileum

boosted via drinking water with
10° cfu/ml
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Table 2.3 Gut flora stabilisers for poultry currently approved in the European Union according to regulation (EC) No 1831/2003.

Additive Bacterial strain

Holder of authorization,

European Food Safety Authority (EFSA)

code* trade name (where scientific opinion on potential efficacy
available)
4b1828  Bacillus licheniformis DSM 28710 Huvepharma NV, B-Act® Improves feed to gain ratio at 1.6 x 10° cfu/kg
diet (EFSA 2016a)
4b1829  Bacillus subtilis DSM 29784 Adisseo France SAS, Alterion Improves zootechnical performance at
NE® 1 x 108 cfu/kg diet (EFSA 2017)
4b1894  Bacillus subtilis DSM 32324, DSM 32325 and Chr. Hansen A/S, GalliPro® Efficacious as zootechnical additive at 1.6 x 10°
Bacillus amyloliquefaciens DSM 25840 Fit cfu/kg diet or 5.4 x 108 cfu/L drinking water
(EFSA 2020b)
4b1825  Bacillus subtilis DSM 28343 Lactosan GmbH & Co. KG Improves growth at 1 x 10° cfu/kg diet (EFSA
2016b)
4b1821  Bacillus subtilis DSM 17299 Chr. Hansen A/S, GalliPro® Improves final weight at 8 x 108 cfu/kg diet
(EFSA 2006)
4b1700i  Bacillus subtilis DSM 5750 and Bacillus Chr. Hansen A/S, Partly positive effects on growth performance
licheniformis DSM 5749 BioPlus 2B® (female turkeys) but insufficient outcomes to
infer the efficacy for turkeys for fattening (EFSA
2016c¢)
4b1823i  Bacillus velezensis ATCC PTA-6737 Kemin Europa N.V., Efficacious as a zootechnical additive at
(formerly identified as Bacillus subtilis PB6) CLOSTAT® 1 x 107 cfu/kg (EFSA 2020a)
4b1822i Bacillus velezensis CECT 5940 Evonik Operations GmbH, Efficacious as zootechnical additive at 1 x 10°
(formerly identified as Bacillus amyloliquefaciens) Ecobiol® cfu/kg diet (EFSA 2021c)

18



Literature Review

Additive Bacterial strain Holder of authorization, European Food Safety Authority (EFSA)
code trade name (where scientific opinion on potential efficacy
available)
4b1903  Bacillus velezensis NITE BP-01844 Toa Biopharma Co., Ltd., BA- Improves performance parameters at 2 x 108
KING® cfu/kg diet (EFSA 2023b)
4b1827i Bacillus velezensis PTA-6507, NRRL B-50013, Danisco Animal Nutrition, Improves performance at 7.5 x 107 cfu/kg diet
NRRL B-50104 Enviva® PRO 202 GT (EFSA 2016d; EFSA 2021b)
(formerly identified as Bacillus amyloliquefaciens)
4b1820  Bacillus velezensis DSM 15544 Asahi Biocycle Co. Ltd, Efficacious as zootechnical additive in all avian
(formerly identified as Bacillus subtilis C-3102) Calsporin® species for rearing, fattening, laying and
breeding purposes at 3 x 108 cfu/kg diet (EFSA
2015; EFSA 2021a)
4b1890  Bifidobacterium animalis ssp. animalis Biomin GmbH, Biomin® C3 Improves performance at 1 x 108 cfu/kg diet
DSM 16284, Lactobacillus salivarius (EFSA 2012)
ssp. Salivarius DSM 16351,
Enterococcus faecium DSM 21913
4b1830  Clostridium butyricum FERM BP-2789 Miyarisan Pharmaceutical Improves performance at 2.5 x 108 cfu/kg diet
Co. Ltd, Miya-Gold® S (EFSA 2021d)
4b1852  Companilactobacillus farciminis CNCM [-3740 ChemVet dk A/S, Biacton® Improves feed to gain ratio at 8.5 x 108 cfu/kg
(formerly identified as Lactobacillus farciminis) diet (EFSA 2023c)
4b1707  Enterococcus faecium DSM 10663/ NCIMB Chevita Tierarzneimittel- Improves performance at 1 x 10° cfu/kg diet

10415

GmbH, Oralin®

(EFSA 2014b)
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Additive Bacterial strain Holder of authorization, European Food Safety Authority (EFSA)
code trade name (where scientific opinion on potential efficacy
available)
4b1841  Enterococcus lactis DSM 7134 Lactosan GmbH & Co KG, improves performance at 5 x 108 cfu/kg diet
(formerly identified as Enterococcus faecium) Bonvital® (EFSA 2010; EFSA 2023a)
4b1705  Enterococcus lactis NCIMB 10415 DSM Nutritional Products Ltd, Efficacious as zootechnical additive at 3 x 108
(formerly identified as Enterococcus faecium) Cylactin® cfu/kg diet (EFSA 2014a; EFSA 2023e)
4b1715  Lactobacillus acidophilus Centro Sperimentale del Improves either laying or growing performance
CECT 4529 Latte S.r.l., Lactobacillus at 1 x 10° cfu/kg diet or 5 x 108 cfu/L drinking
acidophilus D2/CSL water (EFSA 2022)
4b1892  Lactococcus lactis PCM B/00039, JHJ Ltd, Lavipan® Improves zootechnical performance at 5 x 108

4b1900

Carnobacterium divergens PCM KKP 2012p,
Lactobacillus casei PCM B/00080, Lactobacillus
plantarum PCM B/00081, Saccharomyces
cerevisiae PCM KKP 2059p

Weizmannia faecalis DSM 32016

(formerly identified as Bacillus coagulans)

Biochem Zusatzstoffe
Handels- und
Produktionsgesellschaft mbH,
TechnoSpore50®

cfu bacteria/kg diet and 5 x 106 cfu
Saccharomyces cerevisiae/kg diet (EFSA
2016e€)

Efficacious as zootechnical additive at 1 x 10°
cfu/kg diet (EFSA 2020c; EFSA 2023d)

*For the compilation of the table the online EU Register of Feed Additives was last accessed on August 11, 2024 (European Commision 2024).
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Bacillus strains

Bacillus ssp. are gram-positive bacteria that can form endospora due to detrimental
environmental conditions. This makes Bacillus a suitable probiotic candidate that can
withstand high temperature feed production and remains stable in processed feed for a long
time (Ramlucken et al. 2020). Nevertheless, Bacillus spores are able to germinate to
vegitatative cells in the chicken GIT within one day after administration (Cartman et al. 2008).
Different Bacillus ssp. strains were proven to be advantagous for poultry health by various
modes of action. Bacillus strains are capable of producing exogenous enzymes like amylase,
cellulase, xylanase, protease, lipase and phytase (Latorre et al. 2015; Latorre et al. 2016). This
might contribute to elevated nutrient digestibility also in NSP-high diets and thereby improved
zootechnological perfomance (Latorre et al. 2017). However, a recent study showed limitations
of Bacillus probiotics in the degradation of rye NSP deduced from the unaffected excreta
viscosity (Goodarzi Boroojeni et al. 2024). In other studies, feeding Bacillus probiotics to
chicken was related to improved intestinal morphology, indicated by elevated VH and VH:CD
in the small intestine (Latorre et al. 2017; Liu et al. 2022). Another favourable mechanism is
the production of antimicrobial peptides (Puan et al. 2023), which can inhibit pathogen
proliferation and could also be supportive for growth promotion in poultry (Tran et al. 2023). In
Table 2.4, the effects of Bacillus probiotics approved in the EU on poultry challenged with

various bacteria are condensed.

Enterococcus strains

The genus Enterococcus belongs to the order Lactobacillales, which are gram-positive
bacteria that produce lactic acid through carbohydrate metabolism. Enterococcus ssp. are
present as commensals in the poultry GIT and tolerant towards low pH values (Shin et al. 2008;
Carvajal et al. 2023). Furthermore, they show antagonistic activity against intestinal
(foodborne) pathogens (Theppangna et al. 2006; Shin et al. 2008; Carvajal et al. 2023), which
can be due to bacteriocin production (Theppangna et al. 2006; Shin et al. 2008) and/ or pH
lowering in the intestine (Xie et al. 2018). Certain E. faecium strains have been proven to be
particularly effective for poultry performance and have therefore been authorized as probiotics
in the EU (Table 2.3). Beside improved growth performance, other advantageous effects of
Enterococcus might be the elevation of VH and VH:CD in the ileum (Samli et al. 2007; Zhang
et al. 2024). Several studies have reported an amelioration of intestinal injuries associated with
the administration of Enterococcus probiotics in pathogenic challenges (Wu et al. 2019b;
Huang et al. 2022). However, the administration of Enterococci has also been related to a
down-regulation of certain tight junction proteins such as occludin (Wu et al. 2019b; Zhang et

al. 2024). Effects regarding stimulation of the immune function (Wu et al. 2019a) were
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described as well, but the study outcomes concerning expression of immune related genes
are inconsistent (Huang et al. 2019; Wu et al. 2019b). Table 2.5 displays the impacts of

Enterococcus faecium probiotics on poultry affected by bacterial challenges.

2.3.3 Vaccines
Vaccines can play a major role in alleviation of emerge and spread of AMR by prevention of
diseases and limitation of antibiotic use not only in animals (Hoelzer et al. 2018) but also in
humans (Micoli et al. 2021). Hence, the administration of a live E. coli vaccine to broilers
effectively reduced the symptoms of colibacillosis and the duration of antibiotic treatment under
field conditions (Mombarg et al. 2014). Colibacillosis was identified by the WOAH as an
extremely important disease for which improved vaccines could significantly reduce the use of
antibiotics (OIE 2015). Problems connected to this disease are the high use of antibiotics in
poultry production and the fact that current vaccines do not cover multiple strains and
serotypes (OIE 2015). In addition to active immunization via live or inactivated vaccines,
passive immunization via maternal antibodies, which are passed on to the chick via the egg,
can also help in order to prevent diseases. Maternal vaccination proved to increase specific
IgY titers in the progenies (Yamawaki et al. 2021; da Silva Teixeira et al. 2022; Wang et al.
2023). Lower S. Enteritidis counts were detected in internal organs and caecal contents in the
challenged offspring of vaccinated breeders and chicks from vaccinated hens had a decreased
number of S. Enteritidis positive cloacal swaps compared to birds from unvaccinated hens
(Inoue et al. 2008). Nevertheless, outcomes regarding reduction of the intestinal or organ load
of the challenge bacterium are inconsistent (Yamawaki et al. 2021; da Silva Teixeira et al.
2022; Wang et al. 2023). One possible reason could be the age of the vaccinated parent stock
at the time of hatching egg collection (da Silva Teixeira et al. 2022). Moreover, passive
immunity from maternal antibodies only lasts for a few days after hatching (Gharaibeh and
Mahmoud 2013) and maternal antibodies can interfere with active immunisation of the
progenies (Maas et al. 2011), limiting the immune protection of the young birds. In addition,
general limitations of vaccines currently used in veterinary medicine concern safety (e.g. side
effects can lead to reduced growth performance), efficacy (e.g. limited cross-protection against
different strains) and application (e.g. depending on the type of vaccination, laborious
individual injection may be necessary) (Hoelzer et al. 2018). Therefore, combining different
prevention strategies could be a promising approach to compensate deficiencies of a single
procedure. It was shown that parent stock vaccination can increase resistance of progeny to
S. Enteritidis infections, but that additional measures for successful infection control would be
advisable (Inoue et al. 2008). It was reported in 2021 that there are positive effects on the

immune response and performance of chickens infected with multidrug-resistant bacteria,
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when vaccination was combined with the administration of probiotics (Elsayed et al. 2021).
However, less is known about a combined strategy consistent of maternal vaccination and a

pre-/ probiotic administration, which was investigated in Part Il of this thesis.
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Table 2.4 Impacts of Bacillus probiotics approved in the European Union on poultry affected by bacterial challenges compared to the positive control

(challenged without probiotic supplementation).

Challenge bacterium, Poultry Probiotic strain, Effects Reference
application type, product name,
challenge dosage dosage [cfu/kg diet]
[cfu/bird]
C. perfringens, oral Broilers, B. velezensis CECT e increased jejunal villus height and villus height to crypt (Omrani et
4 x 108 over three days Ross 5940, Ecobiol®, 1 x 10°  depth ratio al. 2023)

e decreased crypt depth in jejunum and ileum
C. perfringens, oral, Broilers, B. licheniformis DSM e reduced feed conversion ratio (Veken et al.
1 x 10%° over three days  Cobb 28710, e increased feed intake (FI) and body weight gain (BWG) 2021)

B-Act®, 1.6 x 10° e decreased mortality

e lower necrotic enteritis lesion score in the jejunum
C. perfringens, oral, Broilers, B. subtilis DSM 29784, e higher Fl and BWG (Keerqin et
1 x 108 over two days Ross Alterion NE®, 1 x 108 e upregulation of cytokine (e.g. IL-12B, Interferon-y), tight al. 2021)

junction and TLR (5 and 21) genes in the jejunum

e alteration of bacterial composition in caecal contents
S. Heidelberg, oral, Turkeys B. velezensis DSM e decreased Salmonella population in excreta samples (Rahimi et
1x10° 15544*, Calsporin®, al. 2019)

5 x 109 **

E. coli, intramuscular, Broilers, B. velezensis DSM e reduction of caecal E. coli, coliforms and Salmonella (Manafi et
5 x 107 Ross 15544*, Calsporin®, populations al. 2017)

1 x 1070 *

e enhanced relative organ weights of spleen and heart
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e improved digestibility of crude protein
e no effects on growth performance, vaccine titers, different

blood metabolites or ileum morphology

* named in the study with the formerly product identification as Bacillus subtilis (C-3102)

** calculated on the basis of the product content in feed given in the study and the minimum content per gram of additive declared by manufacturer
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Table 2.5 Impacts of Enterococcus faecium (E. faecium) probiotics on chickens affected by bacterial challenges compared to the positive control
(challenged without probiotic supplementation). Selection of studies with probiotic administration via feed and focus on gastrointestinal effects.

Challenge bacterium, Poultry Probiotic strain, Effects Reference
application type, application
challenge dosage [cful/kg diet]
[cfu/bird]
S. Typhimurium, oral, Broilers, E. faecium e decreased caecal Salmonella counts (Shao et al.
1x10° Arbor NCIMB 11181 e elevated anti-Salmonella specific IgA in the ileum mucosa 2022)
Acres 4 x 108 e changes in relative abundance of caecal microbiota at the

phylum and genus level

e influence on abundance of functional genes of caecal

microbiota

e no effects on growth performance or mortality
E. coli O78, injected Broilers, E. faecium e improved growth performance (Huang et al.
into air sac, 2 x 103 Ross NCIMB 11181 e increased jejunal villus height (VH), VH to crypt depth ratio 2019)

5.1 x 10" (VH:CD) and decreased crypt depth (CD)

e elevated relative mRNA expression of tight junction proteins
(Claudin-1, Occludin) and Mucin2 in the jejunum

e higher lipopolysaccharides stimulation index, indicative for B-
lymphocyte proliferation

e upregulated expression of IL-10 and downregulated expression
of TLR4, nuclear factor-kB, IL-1B and IL-6 in the spleen

e |lower liver E. coli counts in liver samples
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Challenge bacterium, Poultry Probiotic strain, Effects Reference
application type, application
challenge dosage [cfu/kg diet]
[cfu/bird]
C. perfringens, oral, Broilers, E. faecium e higher body weight and body weight gain (Wu et al.
1 x 10°over three days  Arbor NCIMB 11181 e decreased C. perfringens counts in the liver 2019b)
Acres 2x 108 e reduced jejunum lesion score

e upregulated mRNA expression of immune related genes (e.g.

nuclear factor-kB, IL-1B, IL-4 and heat shock proteins) and

glucagon-like peptide-2 (growth factor) in the jejunum
E. coli K88, oral, Broilers, E. faecium e improved growth performance (Cao et al.
108 Cobb HJEF005 e increased jejunal VH, decreased jejunal CD 2013)

1x10° e higher concentrations of tumor necrosis factor-a in the jejunal

mucosa

e less caecal E. coli and C. perfringens counts and increased

Lactobacillus and Bifidobacterium populations
S. Enteritidis, oral, Layers, E. faecium EF55 e higher numbers of leukocytes, heterophils, T-lymphocytes and (Levkut et al.
1x 108 Isa Brown (isolated from IgM+ cells in the blood three days post infection 2012)

crop content of
chickens)
1x10°

e lower numbers of blood leukocytes 17 days post infection
e increased mucin density in duodenum and jejunum
e reduced mucin density in ileum and caecum

e decreased Salmonella populations in caecal contents
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Abstract: Due to the global spread of antibiotic resistance, there is a strong demand to replace
antimicrobial growth promotors in livestock. To identify suitable additives that inhibit the growth
of avian pathogenic Escherichia coli O1/018 and Salmonella enterica serotype Enteritidis strains, an
ex vivo screening was performed. Inulin and fructooligosaccharides (FOS) were investigated as
prebiotics. Enterococcus faecium and Bacillus coagulans served as probiotic strains. Firstly, the pathogen
was anaerobically incubated in caecal digesta from different broiler breeder flocks with the addition
of feed additives. Secondly, subsamples of these suspensions were incubated in an antibiotic medium
for selective growth of the pathogen. During this step, turbidity was recorded, and lag times were
calculated for each pathogen as readout of growth inhibition. Combinations of E. faecium with inulin
or FOS significantly extended the lag time for E. coli compared to control. Moreover, older age
was a significant factor to enhance this inhibitory effect. In contrast, the combination of FOS and B.
coagulans showed shorter lag times for S. Enteritidis. Our results indicate that the E. faecium strain
with prebiotics may inhibit the pathogen proliferation in the studied poultry flocks. Furthermore,
our results suggest that prophylactic treatments should be assigned by feed additive, age and
animal origin.

Keywords: chicken; inulin; FOS; Enterococcus faecium; Bacillus coagulans; direct fed microbials; DFM

1. Introduction

The intensification of agriculture has led to a steady increase in poultry meat produc-
tion over the last few years [1]. This increase in poultry production comes with challenges,
as larger holding sizes can pose a risk for infections with pathogenic bacteria such as
Salmonella [2]. In the EU, Salmonella is the most frequently reported foodborne pathogen [3]
and associated salmonellosis is the second most reported human zoonotic disease after
campylobacteriosis, commonly caused by handling and consumption of poultry prod-
ucts [4]. Among Salmonella serovars, Salmonella enterica serotype Enteritidis (S. Enteritidis)
had the highest prevalence in broiler breeding flocks and flock prevalence of S. Enteri-
tidis and Salmonella Typhimurium (S. Typhimurium) were highest in broilers in the EU
in 2019 [4]. In addition, S. Enteritidis was also the most commonly reported Salmonella
serovar causing human salmonellosis in the EU in 2017-2019 [4]. In poultry, infections with
S. Enteritidis usually cause disease in young birds. In adult chickens, infections rarely cause
clinical symptoms, but S. Enteritidis strains can be found in intact eggs from systemically
infected hens, resulting in vertical transmission of the pathogen to offspring [5]. Transmis-
sion via eggs can lead to high embryonic mortality and death of newly hatched chicks [5].
In addition to the clinical impact, Salmonella also poses a particular health threat by carrying
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antibiotic resistant genes. In order to control bacterial infections, antibiotics are commonly
applied. In turn, this can lead to an increased occurrence of antimicrobial resistance in
livestock [6]. Among livestock, poultry shows the highest prevalence of extended-spectrum
B-lactamase (ESBL)-producing Enterobacteriaceae and thereby represents a reservoir for
antibiotic-resistant bacteria of zoonotic relevance [7]. Escherichia coli (E. coli) bacteria occur
as commensals in the digestive tract of chickens. However, there are also some virulent,
avian pathogenic E. coli (APEC) strains, which may cause various local or systemic diseases,
grouped under the term colibacillosis. In this context, colibacillosis is known as the most
common bacterial disease of poultry causing high economic losses [8]. The economic impact
may result from lower hatching and production rates, higher mortality, carcass condem-
nation rates and treatment costs [8,9]. Meanwhile, antibiotic resistant bacteria in livestock
pose a global hazard to health, which has led to the ban of antimicrobial growth promoters
(AGP) in the European Union [10]. Additionally, both prophylactic and metaphylactic
use of antibiotics will be further restricted starting in 2022 [11]. Hence, the demand for
effective and safe measures to reduce the spread of antibiotic resistant microbials and to
replace AGP is growing worldwide [12]. Research indicates that prebiotics and probiotics
can have reductive effects on the gastrointestinal pathogen load [13]. Moreover, probiotic
products can reduce the intestinal colonization and transmission of ESBL-producing E. coli
in poultry [14]. Referring to FAO/WHO and the International Scientific Association for
Probiotics and Prebiotics (ISAPP), probiotics are defined as “live strains of strictly selected
microorganisms which, when administered in adequate amounts, confer a health benefit
on the host” [15]. However, for many probiotics, inconsistent effects are observed [16,17].
In 2016, the ISAPP also stated a definition of the term prebiotic, which reads “a substrate
that is selectively utilized by host microorganisms conferring a health benefit” [18]. Simi-
lar to probiotics, health benefits provided by prebiotics are inconsistently observed with
different responses in individual experimental settings [16,17]. In addition to the different
strains and dosages applied in the studies, these varying treatment outcomes could also
be due to uneven microbial compositions in the treated animals, which are influenced
by host and farm specific environmental factors such as infections [19], feed composition,
age, breed and housing conditions [20]. Before administration of feed supplements, these
multiple external factors affecting the microbiome need to be addressed. Consequently, a
pre-selection of individual pre-and probiotic products adjusted to customized microbial
conditions and thus considering host and farm-specific environmental influences, seems to
be crucial. Ex vivo assays with digesta content can serve as a suitable preselection method
for feed additives to accomplish this approach [21]. Accordingly, it was the aim of this
screening study to identify beneficial prebiotics and/or probiotics sufficient to inhibit the
growth of an avian pathogenic E. coli serotype O1/018 and S. Enteritidis strain under the
influence of the chicken caecal microbiome.

2. Materials and Methods
2.1. Experimental Design

A two-step ex vivo assay was applied according to Zeilinger et al. [21], with minor
modifications. Briefly, caecum contents from three broiler breeder flocks were incubated
with eight different treatments of pre- and probiotics and a bacterial pathogen in an
anaerobic chamber. After 24 h, the supernatant was transferred to an antibiotic medium,
allowing only the growth of the respective pathogen. During this second 24 h-incubation,
the turbidity (ODggg) was recorded and, subsequently, OD-data were used to calculate
growth parameters for each pathogen as influenced by different treatments. Finally, the lag
time variation served as the key indicator for growth inhibition of the pathogenic strains.

2.2. Sample Collection

Caecal content was collected from broiler breeders of breeding line Ross 308 (flock
A, C) and Cobb 500 (flock B). The breeders were reared on commercial farms in Germany
during May 2019 to February 2020. Each flock was kept at a different laying farm, but
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all farms had the same management and basic structural conditions. Sampling of caeca
occurred during routine necropsies (week 25 and week 50) based on an internal health
monitoring scheme directly after stunning and killing, which was carried out according to
council regulation (EC) No. 1099/2009. The samples were therefore not obtained as part
of an animal trial. Caeca of five animals per flock were obtained at each sampling date.
Thereafter, the caeca were immediately stored on cardboard in a zipper bag at —18 °C and
transported to a laboratory facility. Caecum contents were extracted from the caeca and
each 200 mg sample were stored at —80 °C until further use.

2.3. Pathogens and Media

Field isolates of an avian pathogenic E. coli (serotype O1/018) and S. Enteritidis strains
were used to determine growth inhibition via chosen pre- and probiotics. The E. coli strain
had been isolated from a broiler breeder flock in Germany and was characterized as avian
pathogenic by the following virulence associated genes: astA-, iss+, irp2+, papC-, iucD+,
tsh-, vat-, cvi/cva+. The S. Enteritidis strain was isolated from laying hens.

Both pathogenic strains were stored as cryo stocks (Roti®Store cryo vials, Carl Roth
GmbH & Co. KG, Karlsruhe, Germany) and cultured in brain heart infusion broth (BHI, Carl
Roth GmbH + Co. KG, Germany) throughout the study. Phosphate buffered saline (PBS,
pH 7.0, Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany) was used to dilute prebiotics,
probiotics and caecum content. In order to reduce oxygen, PBS was supplemented with
0.5 mg/mL L-cysteine and 0.2% resazurin.

Antibiotic resistance patterns of the pathogenic strains were determined with an agar
diffusion test on Mueller Hinton Agar II ( Supplementary Table S1).

2.4. Determination of Suitable Antibiotic Combinations

Minimal inhibitory concentration (MIC) of antibiotics, against which the pathogens
proved to be resistant (trimethoprim, vancomycin, clindamycin, metronidazole, lincomycin),
were determined via the broth micro-dilution method in 96-well microplates. To ensure
that the antibiotics and their concentrations are suitable to suppress the growth of micro-
biota in caecum but not the selected pathogen, pool samples for each flock of early laying
phase (week 25) and final phase (week 50) were used to verify total growth inhibition of
indigenous bacteria at the chosen antibiotic combinations and concentrations. Finally, a
combination of clindamycin and lincomycin at a final concentration of 250 pg/mL each
proved most suitable for both pathogens in the ex vivo assay.

2.5. Pre- and Probiotic Products

Two commercially available prebiotic products were used in this study. Inulin derived
from chicory (90%; DP 2-60; Orafti®GR, Beneo GmbH, Oreye, Belgium) and fructooligosac-
charides (FOS) produced by partial enzymatic hydrolysis from chicory inulin (93-97%
-(2,1)-linkage oligofructose; DP 2-§; Orafti®P95, Beneo GmbH, Oreye, Belgium) were
diluted in PBS to a concentration of 20 mg/mL and sterile-filtered (0.2 um cellulose acetate;
VWR international, Radnor, PA, USA). Enterococcus faecium DSM 7134 (1010 cfu/g, Bonvital
Pellets, Lactosan GmbH & Co.KG, Kapfenberg, Germany) and Bacillus coagulans DSM 32016
(2.5 x 10° cfu/g, TechnoSpore®, Biochem, Lohne, Germany) served as probiotic products.
Both probiotics are licensed in the EU as gut flora stabilizers in chickens according to council
regulation (EC) No. 1831/2003. The final concentration on microplates was 2 mg/mL for
prebiotic products and 107 cfu/mL for probiotic products. The final antibiotic mixture (see
Section 2.4) was also tested on the probiotic products to guarantee the absence of growth of
probiotic bacteria in the assay.

2.6. Ex vivo Assay and Determination of Growth Parameters

For the ex vivo assay the pathogenic bacteria were cultivated overnight in 10 mL BHI
aerobically at 37 °C. After the preculture, a suspension of 10° cells/mL (E. coli strain) or
10° cells/mL (S. Enteritidis) was prepared in BHI medium. Each of the following steps
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were carried out under anaerobic conditions. Prebiotic stock solutions (20 mg/mL) were
supplemented with 1 uL/mL of L-cysteine. Dry weighed probiotic products were directly
diluted to the final dilution (108 cfu/mL) in PBS. Caecal contents were diluted with PBS
(1:10 v:v) and sedimented for 5 min. Thereafter, the microtiter plates were prepared with
160 pL caecal slurry supernatant, 20 puL pre- or probiotic suspension and/or 20 uL of the
pathogenic strain. This resulted in a final concentration of 107 cfu probiotics/mL and 2 mg
prebiotics/mL. Each of the two pre- and probiotic products were applied singly (20 uL
PBS added instead of other component) or in combination, resulting in eight different
treatments. Respective negative- and positive controls were investigated simultaneously.
The microtiter plate was then incubated anaerobically at 37 °C for 24 h.

In the second step of the assay, 15 uL of the incubated caecal samples were inoculated
into BHI medium supplemented with clindamycin and lincomycin (final conc. 250 pg/mL
each) and again incubated anaerobically by airtight sealing the microtiter plate with a
transparent gastight film (ViewSeal™, Greiner Bio-One GmbH, Leipzig, Germany). Subse-
quently, the 24 h-incubation was carried out in a microplate reader (Tecan Infinite200Pro,
Miénnedorf, Switzerland) at 37 °C. Turbidity was recorded every 5 min with lateral shaking
for 10 s prior to each measurement. Optical density data were used to calculate growth
parameters (lag time, specific growth, maximum OD) by a 3-parameter sigmoidal equation
for exponential growth using SigmaPlot version 11.0 (Systat Software Inc., Chicago, IL,
USA). As described in previous studies, lag time was selected as the most appropriate
growth parameter to determine bacterial fitness [21,22]. Pathogenic strains, that showed
no growth within 24 h after the first incubation were set to a lag time of 24 h, to include
non-growth after treatment in the analysis. Overall, the complete data set consists of
270 assays per pathogenic strain, derived from three different farms at two sampling time
points, with nine different treatments tested, including positive control.

2.7. 165 rDNA Sequencing

DNA was extracted from caecal samples (100 mg) of each individual animal included
in the ex vivo assay. A commercial kit (QIAamp PowerFecal Pro DNA Kit, Qiagen, Hilden,
Germany) was applied according to the manufacturer’s instructions. Before the beat-
beating process, an additional lysis step at 65 °C for 10 min was integrated into the protocol.
Finally, obtained DNA extracts were sequenced on an Illumina NextSeq500 sequencer
(LGC, Berlin, Germany) with 150 bp-paired reads using 165 rDNA primers 341f and 785r.
Demultiplexing was performed using Illumina bcl2fastq (v. 2.17.1.14) and a combination
of paired-end reads was performed using BBMerge (v. 34.48). Subsequently, the resulting
16S rDNA sequences were analyzed using the QIIME2 pipeline [23] and the SILVA SSU
database [24]. Quality control and sequence counts were determined using DADA2 [25].
Sequence variants with fewer than five counts were excluded from further analysis in
order to reduce bias from potential sequencing errors and increase confidence of sequence
reads [26]. Sequence reads were normalized by rarefaction with an equal representation of
10,000 sequences per sample [27].

2.8. Statistical Analysis

Lag time values are presented as mean values for each farm, treatment and pathogenic
strain. Subtractive lag time was calculated in order to present the effect of feed additives
to delay (positive values) or accelerate (negative values) the pathogenic growth. There-
fore, the lag times of the positive controls were subtracted from the treatment groups.
Statistical analyses were performed with the software SPSS 25 (IBM SPSS 25; Armonk, NY,
USA). Initially, boxplot diagrams were drawn up and optically detected extreme outliers
(more than three interquartile ranges below or above 25 or 75 quartile) were excluded for
each treatment group from the following analyses. Statistical analyses were calculated
using ANOVA and post hoc Tukey-HSD for normally distributed data, whereas the non-
parametric Kruskal-Wallis test with Bonferroni correction followed by the Mann-Whitney
test was applied for non-normally distributed data. Differences were considered as sig-
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nificant at p < 0.05 and p = 0.05-0.10 were considered trends. The online tool ClustVis
(https:/ /biit.cs.ut.ee/clustvis/, accessed on 19 November 2021) was used to generate
principal component analysis analyses of the 165 rDNA sequencing data [28].

3. Results
3.1. Original Bacterial Composition of Flock Caecal Contents

165 rDNA sequence data was used to inspect the caecum samples for possible differences
in bacterial composition. Supplementary Tables 52 and 53 show the comparison of the domi-
nant (>1% total) bacterial genera of the three flocks during the early or late laying phase. Age
had less influence on the dominating Bacteroides, Lactobacillus and an unknown Lachnospiraceae
genus, but the abundance of the unknown Lachnospiraceae increased in 50-week-old animals
at the expense of Bacteroides and Lactobacillus. However, flock specific differences at both
ages were observed for a range of bacterial genera. Thus, compared to other flocks, flock B
showed decreased abundance of the genus Ruminococcaceae UCG-015 or Collinsella in the early
or late laying phase, respectively. Of note was also flock C, which showed a drastic decrease
in abundance for Bacteroides and Blautia, as they were replaced by an increased abundance
of a Christenellaceae R-7 group genus in samples from 50-week-old chicken. Furthermore,
flock C seemed to show a different bacterial composition than the other flocks. We therefore
used a principal component analysis on the whole 165 rDNA data set to visualize microbiota
differences between flocks and animal age (Figure 1). As observed for the dominant genera,
few differences between 25 and 50 weeks of age were noted. However, overall, flock C
displayed a different cluster formation than flocks A and B. This was also evidenced by a shift
in diversity indices for this flock at 50 weeks of age (Table 1).

4

o Q’
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PC2 (8.7%)

W50

5 0 5

PC1 (12.3%)
Figure 1. Principal component analysis on the whole 165 rDNA data set visualizing differences
between flocks (A, B, C) and animal age (25 and 50 weeks of age). Different flocks are indicated by
different colors, while timepoint 25 is displayed as circle and timepoint 50 as square. The prediction
eclipses show a p = 0.95 probability for new observations.

Table 1. Bacterial diversity indices in caecal samples of broiler breeders in different flocks.

Broiler Breeder Flock
Age A B C SEM p-Value *
25 weeks
Richness 135.29 173.8 139.17 8.5 0.077
Shannon-Index 4.07 3.61 3.81 0.10 0.161
Evenness  0.833P 0.7052 0.775 ab 0.021 0.007
50 weeks
Richness  177.29 13152 246.0 14.0 0.016
Shannon-Index 440b 4002 464" 0.07 0.03
Evenness  0.852P 0.8222 0.849 P 0.053 0.046

* = Kruskal-Wallis Test. #P< = different superscripts indicate significant differences within a row (Mann-—
Whitney Test).
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3.2. Ex Vivo Assay

The antibiotic combination of clindamycin and lincomycin at 250 ng/mL was sufficient
to inhibit the growth of the caecal microbiota within the non-inoculated cultures of the
broiler breeder samples. This was the prerequisite to specifically monitor the proliferation of
the pathogenic strains after incubation with the caecal matrix and the additives. Pathogens
inoculated in caecal slurries consistently showed growth in all positive controls. In general,
the S. Enteritidis strain displayed longer lag times than the E. coli strain (Figure S1). The
different treatments modified the growth of the pathogens in distinct ways. Typical growth
curves of E. coli O1/018 and S. Enteritidis displaying the effects of certain additives are
shown in Figure 2. Compared to positive controls, the combinations of the prebiotics (inulin
or FOS) with the probiotic product E. faecium extended the lag times for both E. coli and S.
Enteritidis, by decreasing their fitness after incubation. Other supplements such as inulin
or the combination of FOS and the Bacillus probiotic shortened the lag time in comparison
to the control and therefore seemed to support the pathogen fitness.
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Figure 2. Growth curves presenting the fitness of the pathogenic strains after incubation with different
additives in caecal samples from: (a) 25 weeks old broiler breeders (E. coli) and (b) 50 weeks old
broiler breeders (S. Enteritidis) (mean values, n = 15, all farms included FOS = fructooligosaccharides).
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Lag time values for the E. coli and S. Enteritidis strains are shown in Tables 2 and 3, re-
spectively. Longer lag times compared to the control indicate poorer fitness of the respective
pathogen, while shorter lag times characterize a better fitness after the first incubation.

Table 2. Impact of pre- and probiotic products on the lag time of a pathogenic Escherichia coli O1/018
strain after incubation in caecal slurries [h].

Bacillus and Enterococcus and

Prebiotic Products Probiotic Products

Prebiotic Prebiotic
Asge Flock Control Inulin FOS Bacillus  Enterococcus Inulin FOS Inulin FOS p-Value
(Weeks) Treatment
25 A 4.99 ab 490abc  529abc 4602 4.02° 4692 3512 9.29 be 9.28¢ 0.011
B 5.79 5.00 6.31 4.80 434 478 3.84 7.99 8.23 0.441
C 428 452 4.84 478 447 457 2.84 8.32 9.76 0.137
All 5,02 ab 4.812b 5.48 &b 4.73ab 4272 4.682b 3402 853P 9.09° <0.001
50 A 6.43 ab 439 b 5.36 3P 9.84b 6.24 b 3.60 @b 2.382 12.48° 12.46 b 0.009
B 5.952 7.73 ab 17.70 @b 7.53 ab 17.13 @b 5812k  591ab  2400P 24.00" <0.001
C 7.35ab 3.35b 16.36 b< 5.112b 10.06 b 3.702 5723b  21.11¢ 21.75¢ 0.006
All 6.57 2 4902 13.14 ab 7.49 ab 11.15ab 4292 4102 19.20® 19.41° <0.001
All All 5.80 @b 4.842b 9.31 be 6.11 2P 7.71 b 451ab 3.682 13.86 ¢ 14.25°¢ <0.001
p-value 0.250 0.726 0.016 0.005 0.015 0.79 0643  <0.001 0.003
age
abc = different superscripts indicate significant differences within a row (Kruskal-Wallis, Bonferroni test at
p < 0.05), results are presented as means, sample size n = 5 per flock and age group, n = 15 all per age group,
n =30 all per treatment.
Table 3. Impact of pre- and probiotic products on the lag time of a pathogenic Salmonella Enteritidis
strain after incubation in caecal slurries [h].
Prebiotic Products Probiotic Products Bacﬂh{s a'nd Enteroco'ccu‘s and
Prebiotic Prebiotic
Asge Flock  Control Inulin FOS Bacillus Enterococcus Inulin FOS Inulin FOS p-Value
(Weeks) Treatment
25 A 7.83b 5.252 6.05 2P 7.78b 7.94b 6.473b  p25ab  g35ab 7.68P 0.043
B 9.24 7.48 7.36 9.42 9.15 7.20 6.08 12.34 12.92 0.083
C 9.44 7.19 7.89 9.03 8.09 7.66 5.75 9.81 9.44 0.065
All 8.84° 6.64 2P 7.10 2P 8.74b 8.39 ab 7.11 2P 6.032 9.50 ab 10.20° <0.001
50 A 10.72 abe 8.262 9274 11.04 abe 9.63 ab 8.7842 8.494 16.23b¢  16.87°¢ 0.029
B 13.62 &P 15902 18252k 11.802 13.54 2b 11.532 12052 2400  24.00P <0.001
C 11.74 2P 8.53 ab 7.924 11.43 b 10.33 @b 8.29 ab 7932  16413b  1921b 0.011
All 12.03 abe 10.90 2 11.81 2P 11.42 abe 11.17ab 9.542 9492 18.88bc  20.02°¢ <0.001
All All 10.43 abre 8.772 9.45ab 10.08 abe 9.78 b 8322 7762  14.19bc  1502°¢ <0.001
""Z;eue 0.004 0.004 0.010 0.002 0.009 0.005 0.004  <0.001  <0.001

abc = different superscripts indicate significant differences within a row (Kruskal-Wallis, Bonferroni test at
p < 0.05), results are presented as means, sample size 1 = 5 per flock and age group, n = 15 all per age group,
n =30 all per treatment.

3.3. Ex Vivo Growth of E. coli O1/O18 after Incubation with the Additives

Lag time data of the E. coli strain are presented in Table 2. Significant differences
between treatments were observed in all flocks of the final laying phase (50 weeks), but
at week 25, differences were only observed for flock A. Older age led to significantly
prolonged lag times for the single addition of probiotics, FOS and combinations of E.
faecium with the investigated prebiotics. Additionally, latter combinations displayed a
significant extension of at least eight hours compared to positive control in the overall
analysis (n = 30). Independently, the Bacillus probiotic and the prebiotic FOS increased the
lag time of E. coli numerically, however when combined, shorter lag times were observed
in the general analysis. A slight numerically improved fitness of the pathogenic E. coli
strain was also found after incubation in caecal slurries supplemented with inulin alone
or in combination with B. coagulans. This is in contrast to the decreased fitness observed
for combinations of the E. faecium probiotic with the prebiotic’s inulin and FOS. The caecal
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slurries supplemented with the E. faecium-prebiotic combinations frequently revealed longer
lag times compared to positive controls in all flocks. In flock A the combination of FOS and
E. faecium significantly extended the lag time towards positive control in the early laying
phase, while flock B and C revealed a significant increase in lag time values only in the final
phase (50 weeks). Moreover, in flock B and C, the addition of the Enterococcus probiotic with
inulin also led to significantly lower fitness of the pathogen at 50 weeks of age. Samples
of flock B showed the most direct effects of Enterococcus and prebiotics combinations, as
no growth was observed in samples of the final laying phase. Numerically, the prebiotic
FOS alone also reduced the fitness of the pathogen at 50 weeks of age. In contrast, the
combination of FOS and the probiotic B. coagulans more or less showed numerically shorter
lag times towards positive control across all flocks and ages. The combination of inulin and
B. coagulans displayed the same effects in the flocks of the final laying phase. Inconsistent
effects were observed for all other supplements (inulin and probiotics alone) across the
different flocks.

Figure 3 depicts a summary of the flock data for the E. coli strain and highlights the
differences between age groups in relation to each treatment. Negative subtractive lag
time symbolizes better pathogen growth than in positive controls, whereas positive values
indicate a reduced pathogen fitness. In both week 25 and week 50, the combination of
inulin or FOS with the probiotic E. faecium led to the strongest inhibition of pathogen
growth. Compared to positive control significant differences were only observed for these
combinations with accented effects at later age. Numerically, the single application of
FOS and E. faecium also impaired pathogen fitness, whereas inulin and combinations of
prebiotics with B. coagulans increased pathogen survival in samples of 50 weeks.

- 20 - Age
g W25 weeks
= 50 weeks
= 5
[=
E
o=
= O
2t
=0
S2
i ]
o
o
2 0
g
£
a
@

5 —

| F B E 1+B F+B +E F+E
Treatment

Figure 3. Comparison of different treatments and ages regarding the lag time [h] of E. coli O1/018
(I =Inulin, F = FOS, E = Enterococcus faecium, B = Bacillus coagulans, + = combination; mean values,
n =15 for each age, all farms included, error bars indicate the SEM, significant differences compared
to positive control are indicated by asterisks).

3.4. Ex Vivo Growth of S. Enteritidis after Incubation with the Additives

The impact of pro- and prebiotic addition to the S. Enteritidis strain in caecal content
of broiler breeders is depicted in Table 3. Similar to E. coli, significant differences between
the treatments were observed in all flocks at 50 weeks and, additionally, in flock A in
the early laying phase. Contrary to the E. coli strain, age had a significant impact on
fitness of the Salmonella strain in each treatment, with prolonged lag times in the final
laying phase. The overall analysis showed the highest lag times of the Salmonella strain in
caecal slurries incubated with E. faecium and inulin or FOS. On average, these treatments
resulted in numerically delayed growth by nearly 4-5 h compared to positive controls.
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The treatment with a combination of FOS and the B. coagulans probiotic product tended
to improve the fitness of the pathogenic strain instead. Moreover, the E. faecium-prebiotic
combinations revealed significantly higher lag times for S. Enteritidis compared to the
single application of prebiotics or their combinations with the Bacillus strain in the general
analysis. However, the pathogenic Salmonella strain showed no growth inhibition (flock A,
C) or low lag time reduction of three hours (flock B) in samples from the early laying phase
with the E. faecium-prebiotic treatments. When prebiotics were incubated together with the
Bacillus probiotic, reductions in lag time were seen across all flocks and ages. Furthermore,
the combination of the Bacillus probiotic with FOS led to significantly shorter lag times
compared to positive control and single addition of the probiotic strain for incubations with
early laying phase samples. Similar to the combination with Bacillus, the single application
of inulin also revealed shorter lag times in each age group. This effect was shown to be
statistically significant in flock A at 25 weeks. Moreover, a single application of prebiotics
led to significantly lower lag times compared to their combinations with E. faecium, not only
in the overall analysis but also in the final laying phase. Although this extension in lag time
was not significant compared to positive controls, data show a rather drastic prolongation
of 6-8 h at 50 weeks. As with the E. coli strain, flock B showed numerically the clearest
effects of the Enterococcus-prebiotic combinations with no detectable growth during 24 h in
this age group.

Figure 4 summarizes the individual flock data for the S. Enteritidis strain and shows
the differences between age groups in relation to each treatment. Only the combination
of the probiotic E. faecium with inulin or FOS seemed to reduce fitness of the pathogen.
Compared to positive controls, significant differences were observed for both combinations
at week 50. In contrast, the combination of the Bacillus probiotic with FOS significantly
increased the fitness in samples of week 25.

Age
N 25 weeks
50 weeks

Subtractive lag time [lag time treatment - lag time
positive control]

N\
.
F B E 1+B ’;:+B +E F+E
Treatment

Figure 4. Comparison of different treatments and ages regarding the lag time [h] of S. Enteritidis
(I = Inulin, F = FOS, E = Enterococcus faecium, B = Bacillus coagulans, + = combination; mean values,
n =15 for each age, all farms included, error bars indicate the SEM, significant differences compared
to positive control are indicated by asterisks).

4. Discussion

An ex vivo assay was employed to investigate the inhibitory effects of four pre- and
probiotic products and their combinations on the growth of a pathogenic E. coli and S.
Enteritidis strain in a complex caecal matrix. In chicken, when aiming to modulate the
microbiota, the crop and caecum are of high interest. Both compartments show a relatively
low digesta passage time compared to the small intestines and, hence, potentials to impact
on performance and health via microbiota are revealed. The crop microbiome can be
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modified by feed additives, which may be the first challenge for an ingested pathogen and,
hence, may interrupt the infection chain at an early stage [29]. In fact, this type of assay has
been used to monitor the survival of an antibiotic resistant E. coli in broiler chicken [30].
However, the highest concentration of bacteria is commonly observed in caecal contents
and, thus, this compartment is of utter importance for animal health and performance, but
also for the transmission of pathogens via faeces. This was the motivation for choosing a
caecal matrix for the assay. When investigating the impact of feed additives on the hindgut
microbiota, their fate in the small intestine must be considered. The easily fermentable FOS
can reach the large intestine without being degraded by digestive enzymes in the small
intestine [31]. Thereby, FOS and its polymers hold a potential to modulate the hind gut
microbiota and fermentation profile in vivo [32-34]. Similarly, in vivo effects in the large
intestine have also been proven for the probiotic species used in our study [35,36].

Regarding the final antibiotic mixture for our ex vivo assay, it was challenging to find a
combination that would inhibit the growth of the gut microbiota but at the same time allow
the growth of the investigated pathogens. This was especially true for young broilers and
led to the exclusion of these animals from the assay due to project time constraints. Even
considerably high concentrations (250 pug/mL) of five potent antibiotics (clindamycin, van-
comycin, metronidazole, trimethoprim and lincomycin) were not sufficient to completely
inhibit background growth in preliminary studies (data not shown). This may serve as a
reminder that a range of antibiotic resistant bacteria occur in the intestinal tract of healthy
broilers that are not found in broiler breeders [37]. Moreover, this also mirrors the hazard of
antibiotic resistant microbials arising from poultry products in the field [7]. Subsequently,
considering the vertical transmission pathways of pathogens to broilers, the current study
focused on the broiler parent stocks.

A limitation of the current experimental design was the small sample size, as not all
strong numerical effects turned into mathematically relevant significant differences. Thus,
to identify farm-specific beneficial additive combinations, higher sample sizes per single
farm would allow higher replicate numbers with higher mathematical confidence.

Finally, the method investigates short-term effects of the supplements against certain
pathogenic bacteria without interference of the host. Therefore, the ex vivo screening
is insufficient to draw conclusions about the benefits of feed additives on the host. Pre-
biotics and probiotics have different modes of action and in some cases interact with
the immune system and other host related factors rather than directly on gut bacterial
populations [38,39]. Subsequently, it is not possible to speculate about the health-promoting
properties of individual pre- and probiotics with this method. Nevertheless, firstly, this
assay was able to elucidate certain pre- and probiotic combinations that showed even an
increased fitness of the pathogen in question. Secondly, this screening method provided
promising insights into farm-, age-, and pathogen-dependent effects of feed additives on the
intestinal microbiota. It can therefore serve as preselection method to avoid expensive and
unprofitable applications of supplements, especially in the context of individual solutions
for specific farms. It is also important as a step regarding animal welfare as it serves as
a pre-selective assay which helps to reduce the animal numbers needed for in vivo trials.
Thirdly, due to the microtiter plate format of the assay, a large number of feed additives
can be tested simultaneously. All in all, the method represents a reasonable compromise to
draw first conclusions on the effect of feed additives on the intestinal microbiota compared
to cost-intensive animal experiments and limited in vitro studies [21].

As the intestinal tract of poultry can be seen as a reservoir for APECs [40], one ap-
proach to control E. coli related diseases is to suppress their proliferation in the intestine.
Interestingly, only the combination of the Enterococcus probiotic with either prebiotic prod-
uct had a significant impact on the fitness of the E. coli strain at both week 25 and 50.
Furthermore, the routes of transmission of the zoonotic Salmonella are varied and both
vertical and horizontal transmission are possible [5]. Hence, effective control strategies
such as feed additives to replace AGP are urgently needed throughout the poultry pro-
duction chain. In addition, preventing S. Enteritidis from caecal colonization by the use
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of feed additives might be a promising approach, as this species has a high potential to
colonize the poultry hind gut compared to other Salmonella enterica serotypes [41]. Reducing
concentrations in the caecum may also reduce the risk of transmission between animals
and the hazard of product contamination. Similar to results for E. coli, only a few feed
additive combinations showed a significant impact on the fitness of the S. Enteritidis strain.
Again, the E. faecium probiotic in combination with either prebiotic product proved to
be the most effective treatment to reduce Salmonella fitness, but only in older animals.
In previous in vivo studies desirable symbiotic effects of E. faecium with FOS have also
been described [42,43]. E. faecium is a Gram-positive, facultative anaerobic bacterium,
indigenous to the digestive tract of chicken [44]. Hexose fermentation yields L-lactate as its
main metabolite [45] and the ability of E. faecium to grow in the presence of FOS has been
described previously [46]. As pH changes and bacterial metabolites were not measured
within this study, it can only be hypothesized which molecular mechanisms caused the ob-
served lag time delays. It is tempting to correlate probiotic lactate production of E. faecium
to the decreased pathogen fitness, as lactate production frequently results in lower pH. In
a previous in vitro study E. faecium cultures showed a pH decline from 6.7 to 5.0 within
10 h in FOS-supplemented media [31]. Furthermore, a decreased pH can pose an inhibitory
effect on several pathogens [47]. This might be due to a supportive effect on antimicrobial
compounds secreted by lactic acid bacteria [48] and/or the cytotoxic effect of lipophilic
acids and lowered pH itself [49]. However, the quantitative comparison of 10° probiotic
cells/mL slurry against a background of approximately 10!! indigenous cells/mL (with
about 10° indigenous lactobacilli/mL) shows that lactate production and the consecutive
reduction in pH by probiotic strains cannot be a relevant factor. The species E. faecium
has the ability to produce bacteriocins, which may work directly against a multiplication
of pathogens [50]. Although it is not known whether the E. faecium strain used in this
study possesses any bacteriocins or not, it may explain the numerical decrease in pathogen
fitness in the late laying phase. Another possible explanation might be the stimulative
effect of the probiotic strain on selected indigenous bacteria and thereby, a modulation of
the sample matrix. Accordingly, the E. faecium strain used in our assay has been shown to
increase lactobacilli counts in excreta samples in laying hens [51]. Additional enrichment
with this group of bacteria may have occurred during the first incubation step. Further-
more, indigenous bacterial metabolite concentrations are inevitably enriched during the
incubation in caecal slurries. Hence, the negative influence on the growth of the pathogenic
strains by E. faecium addition may be of multifactorial origin. It can be speculated that the E.
faecium probiotic by itself prepared certain bacterial groups for a higher potential to reduce
E. coli fitness, but that the prebiotics delivered the needed nutrient and energy supply for
bacterial metabolism. In fact, it is known from another species of the Enterococcus genus
that the metabolism of FOS can stimulate the bacterium to produce proteins favourable for
a probiotic strain [52]. Thus, these additive combinations could be termed synbiotic.

The results observed for the Enterococcus probiotic are in sharp contrast to respective
results with the Bacillus probiotic product. Here, combinations with both prebiotics even
numerically increased the fitness of the E. coli strain in both age groups. Despite the
inhibitory effect on S. Enteritidis in animal trials [53], B. coagulans did not impair the
fitness of the Salmonella pathogen in our study and led to significant better pathogen
fitness in combination with FOS in the early laying phase. Obviously, the Bacillus probiotic
modulated the response of the caecal microbiota to an environment less detrimental to
the survival of the pathogenic E. coli and S. Enteritidis strains. Similar to our findings,
another Bacillus coagulans strain was not effective to inhibit S. Enteritidis growth in an
agar inhibition assay [46]. Obviously, for these reasons, B. coagulans and its mentioned
combinations are not recommended for prevention against the investigated pathogens.
However, in vivo effects may differ as the mode of action of this product may be related
to interactions with the host, which could not be addressed with this assay. Indeed, it
has been shown that B. coagulans strongly interacts with the hosts immune system [54].
Previous results from another B. coagulans strain did show beneficial effects on the host
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that were mainly related to body weight gain and immune stimulation [55] and, thus, the
outcome in the current screening study with this probiotic does not automatically exclude
any positive effects in general. However, strain specific effects may also explain these
different outcomes.

In the current study, both single applications of the prebiotics failed to significantly
reduce E. coli fitness. A possible explanation might be, that they failed to stimulate compet-
itive indigenous microbiota sufficiently. Furthermore, in contrast to the numerical effects of
FOS on E. coli inhibition, a single application of inulin rather improved pathogen fitness in
caecal slurries from 50 weeks old broiler breeders. This could reflect a lower utilization rate
of the caecal microbiota for polysaccharides similar to inulin compared to oligosaccharides
such as FOS [56]. Another possible explanation might be, that the pathogens were able to
utilize this prebiotic product to their own benefits. S. Enteritidis can ferment FOS, when
other carbon sources such as pure glucose or fructose are available [46]. In our ex vivo assay,
glucose was provided by the BHI medium, which together with FOS may have resulted in
better growth of this S. Enteritidis strain, when exposed to the single prebiotic. This could
also serve as an explanation for better pathogen survival with inulin, as inulin is a polymer
of FOS. In rats, it has already been shown that both inulin and FOS can cause increased
colonization of S. Enteritidis in caecal contents [57].

Overall, the feed additives modified the fitness of the pathogenic strains much more
frequently in 50-week-old animals. Age is known to be a major factor of microbiome shifts
in chickens [20]. From data on bacterial diversity, we infer that a more diverse bacterial
composition in caecal contents might enhance the response of the caecal microbiota to
a certain pre- or probiotic treatment. Furthermore, flock-specific differences were noted
especially for the application of single pre- and probiotics, which might be also due to
the different breed [20]. This varied treatment response together with the results of the
principal component analysis imply that not all studied flocks acted similar and, therefore,
screening studies such as the current may identify farm-specific solutions for the application
of feed additives.

Age- and flock specific differences in pathogen inhibition were most likely due to
different bacterial compositions in the caecal samples, since feed influence due to identical
rations could be largely excluded. In addition, the herds lived at the same time and
received their feed from the same feed mill. Unfortunately, an analysis of the samples
after incubation was not possible due to prohibitively high sample numbers, but the initial
bacterial composition at the start of the experiment is known. A comparison of 165 rDNA
data from 25- and 50-week-old animals indeed showed changes in abundance among the
most dominant bacteria, as well as differences between individual flocks. It is highly likely
that the addition of the pre- and probiotic products changed the bacterial composition and
activity, depending on the starting conditions. This suggests that the caecal microbiota
responded differently and, thus, observed changes in the fitness of the pathogenic strains
may depend in large parts on responsive microbiota. Different microbial starting conditions
might induce distinct levels of pathogen fitness after exposure to certain feed additives.
Farm-specific differences in microbiome composition have also been described in sows
and piglets [58]. This indicates the importance of treatment preselection, not only for
poultry but also for other monogastric livestock. Correspondingly, promising results for
preselection of prebiotics and probiotics for sows have already been observed in another ex
vivo experiments, similar to the present work [21].

Considered together, the growth inhibition of the pathogenic bacteria in our study was
most likely due to synergistic effects of the probiotic strain E. faecium and the fermentation of
the soluble prebiotic products by the indigenous bacteria, while the Bacillus probiotic strain
was not able to modify the microbiota favourably. Apart from a significant improvement in
Salmonella fitness in one flock due to inulin, the single application of the prebiotics rarely
influenced the fitness of the pathogens.
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5. Conclusions

Overall, the results of the current study demonstrate the beneficial effect of a probiotic
E. faecium strain in combination with inulin or FOS to inhibit the survival of an avian
pathogenic E. coli O1/018 and a S. Enteritidis strain under the influence of the chicken
caecal microbiome. Furthermore, older age was a significant factor to enhance the inhibitory
effect of the mentioned combinations. Surprisingly, the application of a single prebiotic
either showed no significant effects or even increased pathogen fitness. Furthermore, not
all flocks responded equally to the application of certain pre- and probiotic combinations,
and the effects of feed additives differed among pathogens in some cases. Thus, farm- and
pathogen specific solutions may be needed to address farm-specific problems.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /microorganisms10010121/s1. Table S1: Resistance profile of
the pathogenic strains Escherichia coli O1/018 and Salmonella serotype Enteritidis, tested with agar
diffusion method. R = resistant, S = sensitive.; Table S2: Relative abundance of the most dominant
bacterial genera in caecal samples of 25-week-old broiler breeders in different flocks (1 = 5).; Table S3:
Relative abundance of the most dominant bacterial genera in caecal samples of 50-week-old broiler
breeders in different flocks (1 = 5).; Figure S1: Mean control growth curves of the pathogenic strains
Escherichia coli O1/018 (A) and Salmonella Enteritidis (B) after incubation in chicken caecal slurries
(n = 30), error bars indicate the SEM.
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Abstract: Antibiotic resistance poses a risk for human and animal health, leading to a growing
demand for effective alternatives. Combining nutritional tools and parent stock vaccination could be
an approach to achieve sufficient protection against bacterial infections in poultry. In an Escherichia coli
01/018 challenge trial, we investigated the protective effects of feeding diets containing Enterococcus
faecium DSM 7134 and fructooligosaccharides (FOS) combined with specific parent stock vaccination
in 225 ROSS 308 broilers. Data on performance parameters, intestinal microbial composition and
metabolites, and antibiotic resistance genes (sull-3, dhfrla, SHV-12) were obtained. E. faecium and FOS
combined with parent stock vaccination led to the highest body weights, which were significantly
higher than those of controls throughout the experiment and decreased the relative abundance of
Proteobacteria in the crop digesta compared to that in the positive control. However, cumulative feed
conversation remained unaffected by the strategies. Birds receiving the pre-/probiotic combination
showed lower cecal pH levels and higher crop L-lactate concentrations than the controls, whereas
copy numbers of dhfrla (trimethoprim resistance) and SHV-12 (extended-spectrum beta-lactamase)
genes were only decreased in broilers from vaccinated hens compared to those in the challenged
control. In conclusion, prophylactic administration of E. faecium and FOS in combination with parent
stock vaccination can have complementary effects by improving broiler weight gain and stimulating
intestinal bacterial metabolism, which may be beneficial for maintaining gut health in terms of
Escherichia coli infection.

Keywords: Enterococcus faecium; FOS; direct fed microbials; microbiota; chicken

1. Introduction

Multidrug-resistant bacteria can pose a major threat to public health [1] and the misuse
or overuse of antimicrobials in animal production promotes antimicrobial resistance [2].
Although infections with antibiotic-resistant bacteria in animals often remain clinically
undetected, the potential transmission of drug-resistant bacteria to humans or resistance
genes to human pathogenic strains may lead to untreatable bacterial diseases [3]. Poultry,
in particular, can be considered as one of the main reservoirs of antibiotic-resistant bacteria
among livestock. For example, poultry shows the highest prevalence of extended-spectrum
beta-lactamase (ESBL)-producing Enterobacteriaceae [4].

To address the One Health approach and mitigate the spread of antimicrobial resis-
tance, the European Union (EU) banned antimicrobial growth promoters (AGP) in 2006 [5].
Further restrictions on routine prophylactic and metaphylactic antibiotic treatment of
animals were complemented by the EU in 2019, including measures to limit the use of
antimicrobials with critical importance for human medicine [6]. However, largely unre-
stricted antibiotic use in animals occurs in other countries. Thus, the World Organisation
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for Animal Health (OIE) reported that 42 countries out of 160 (26%) were still using AGP in
animal production in 2019, with the highest numbers reported for the Americas (20 out of
35 countries), Asia, the Far East, and Oceania (12 out of 31 countries) [7].

Therefore, given the challenges posed by antimicrobial resistance, there is a growing
global demand for safe and effective alternatives to maintain animal health and replace
AGP [2]. Research in recent years has indicated that pre- and probiotics can serve as
potential substitutes for antimicrobials in poultry nutrition to increase weight gain [8] or
reduce gastrointestinal pathogen load [9]. Furthermore, immunization of broiler parent
stock has been shown to reduce mortality of progeny associated with different pathogens,
such as Escherichia coli (E. coli) [10], Ornithobacterium rhinotracheale [11], or Clostridium
perfringens [12], as vaccination of hens leads to the transfer of protective antibodies from
serum to chicks via the egg yolk [13,14].

Nevertheless, variable outcomes have been reported in different studies. For exam-
ple, one publication indicated that prebiotic fructooligosaccharides (FOS) significantly
improved the feed conversion ratio (FCR) in broiler chickens compared to that in negative
controls [15], while another study found no differences for the same parameter in the
supplemented group compared to the control group [16]. The probiotic Enterococcus faecium
(E. faecium) NCIMB 10415 significantly increased the amount of lactic acid bacteria in the
ileal content and excreta of Ross 308 broiler chickens compared to that of controls [17]. In
contrast, another probiotic product containing E. faecium showed no effects on total aerobes,
Salmonella spp., and Lactobacillus populations in the small intestine of broilers of the same
breed [18]. Furthermore, on the one hand, passive immunization of broilers with egg yolk
immunoglobulins (IgY) from broiler breeders (vaccinated with inactivated E. coli) appeared
to provide effective protection against organ lesions and mortality induced by a homolo-
gous E. coli challenge [19], but on the other hand, administering hens a polyvalent killed
Enterococcus cecorum (E. cecorum) vaccine failed to protect offspring against homologous or
heterologous challenge by E. cecorum-specific antibodies in a different experiment [20].

The early implementation of preventive strategies in chicks is of utter importance,
as they usually come from hatcheries with high hygienic measures and are challenged
by commercial conditions at the farm level. Unlike mammals, which can obtain maternal
microbiota during birth, the gastrointestinal environment of newly hatched chicks from
hatcheries lacks those maternal bacteria, which may affect immunoglobulin levels [21] and
the ability to resist potential pathogens.

Finally, combining multiple early life prevention strategies as opposed to a single
measure could be a safe and more effective approach to maintaining poultry health, thus
reducing antibiotic use and problems related to antimicrobial resistance development.
Hence, with the present study, we aimed to investigate whether a preventive measure
combining nutritional tools and parent stock vaccination could serve as a strategy to
improve growth performance, promote intestinal health, and reduce the excretion of
antibiotic resistance genes in broilers challenged with a multidrug-resistant E. coli strain.

2. Results

The effects of feeding diets containing E. faecium DSM 7134 and FOS combined with
specific parent stock vaccination were investigated. Performance parameters, the intestinal
microbiota, microbial metabolites, and antibiotic resistance genes (sul1-3, dhfrla, SHV-12)
were evaluated.

2.1. Performance

The performances of the different experimental groups are shown in Table 1. Chick
mortality occurred only in the first week of life and thus before E. coli challenge. Five chicks
from the negative control group (Cn), six from the PP (pre-/probiotic combination) group,
two from the VAC group (derived from vaccinated hens), and three from the PP-VAC
(derived from vaccinated hens and pre-/probiotic combination) group were removed from
the pens after death. These animals (16 out of 225; 7.1%) did not show any specific clinical
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signs beforehand. Chick losses were compensated with reserve animals on the seventh day
of life, one day before the challenge, to ensure equal numbers of chicks per pen and feeding
group. FCR was corrected for mortality.

Table 1. Impact of parent stock vaccination and dietary pre-and probiotic combination on perfor-
mance parameters ! of growing Ross 308 broilers challenged with E. coli O1/018 on day eight
of life.

Experimental Groups 2

Week Cn Cp PP VAC PP-VAC p-Value
Average bodyweight (g)/animal
0 39.0 + 0.70 39.8 + 0.56 39.3 + 1.04 38.6 & 0.84 38.7 +1.36 0.262
1 92.4 +10.92 86.6 +9.232 92.0 + 6,972 104 + 14.5 3P 123 +13.6° <0.001
2 224 42734 223 4+ 23.622 265 4+ 17.0 b 277 + 2560 319 +20.6 ¢ <0.001
3 520 + 75.32 543 4+ 52.8ab 580 =+ 37.1 abc 613 + 40.5b< 680 + 31.0¢ <0.001
4 929 + 1192 985 + 70.9 ab 1017 £ 6433P 1091 £31.2Pb< 1144 +455¢ <0.001
Average bodyweight gain (g)/animal
1 53.5 + 10.8 2P 46.8 +8.742 52.7 + 7.78 ab 65.7 + 15.1 be 83.8 +13.7¢ <0.001
2 132 +17.12 147 + 1492 169 + 14.6° 172 £12.9°P 197 £9.10¢ <0.001
3 296 + 4842 310 + 30.12b 316 +21.82b 336 4+ 20.2ab 361 4+ 20.5P 0.026
4 410 +44.7 442 + 26.7 437 +29.7 479 4+ 49.5 464 + 21.0 0.086
1-4 890 &+ 1192 945 + 70.6 &b 974 + 64.4 3b 1052 4+ 31.3 b 1106 +44.2 ¢ <0.001
Average feed intake (g)/animal
1 684+ 1272 714+ 1092 68.7 + 4412 91.5 + 18.9ab 96.8 +14.0P 0.002
2 203 +12.842 233+ 16.2° 253 + 6.11 b< 277 +29.5¢d 287 +17.54 <0.001
3 368 4+ 59.02 387 + 41.42 412 +34.02b 421 +29.02b 477 +19.6P 0.003
4 557 + 62.02 599 4 41.0 @b 612 &+ 47.2ab 633 +33.92ab 672 +334P 0.018
1-4 1197 + 1412 1289 +88.223b 1347 + 8263 1422 4 762 b 1532 + 64.4 € <0.001
Feed conversion ratio >
1 139 +0.14 ab 154 £0.14" 147 +£021°P 1.48 £0.16° 1.17 +0.032 0.007
2 1.55 + 0.17 1.60 & 0.18 1.51 +£0.12 1.61 +0.14 1.47 £ 0.04 0.253
3 1.25 +0.022 1.25+0.022 1.30 + 0.03P 1.25 4+ 0.042 1.32 +0.04P 0.001
4 1.36 +0.022 1.36 + 0.042 1.40 + 0.03 ab 1.33+0.142 1.45 4+ 0.02 P <0.001
1-4 1.35 + 0.04 1.38 + 0.01 1.39 + 0.03 1.35 & 0.07 1.39 £ 0.01 0.449

1 Performance data are presented as means =+ standard deviation 2 Cn: Negative control, Cp: E. coli O1/018
challenged control, PP: Pre-/probiotic addition, VAC: Parent stock vaccination, PP-VAC: Pre-/probiotic addition
and parent stock vaccination. 3 Corrected for mortality: calculated as total feed intake divided by total gain in-
cluding weight of deceased birds. *P<d Different superscripts indicate significant differences within a row
(p < 0.05). Statistical analyses were conducted using one-way ANOVA followed by post hoc Tukey-test
(n =5/group).

Infection with the E. coli strain had no negative effects on weight development. How-
ever, birds that descended from vaccinated hens (VAC, PP-VAC) showed the highest body
weights (BW) throughout the experimental period, which were significantly higher than
those of negative (Cn) and/or positive (Cp) controls (p < 0.050). The final BW were highest
in the PP-VAC group and significantly increased compared to those in the control group and
compared those of birds receiving the pre- and probiotic combination without additional
parent stock vaccination (p < 0.001). For the overall trial period (weeks 1-4), birds that
descended from vaccinated hens (VAC, PP-VAC) also showed the highest average body
weight gains (BWG), which were significantly higher than those of the negative controls
(p < 0.001). Additionally, chicks descended from vaccinated hens and receiving the pre-
and probiotic combination (PP-VAC) had higher BWG than the positive controls or chicks in the
PP group (p < 0.001). The same pattern was observed for the cumulative feed intake (FI; weeks
1-4), with the highest values in the PP-VAC group (p < 0.001). However, the cumulative feed
conversion ratio (FCR) remained unaffected by the different strategies (p = 0.449).

Furthermore, the effects on performance were marked during the first two weeks
of the trial. Compared to BWG of the positive control group, the BWG of both the VAC
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and PP-VAC groups increased in the first week (p < 0.001), with the PP-VAC group also
showing a significantly higher FI than the control or PP groups (p = 0.002). In week two, the
first week after the E. coli challenge, the BWG improved for all treatment groups (PP, VAC,
and PP-VAC) compared to those of the control groups (p < 0.001). Similarly, an increased
FI was observed in these groups compared to that in the negative control (PP, VAC, and
PP-VAC) and positive control (VAC, PP-VAC) groups in this week (p < 0.001) without any
significant effects on the FCR (p = 0.253). Interestingly, the FCR was lower in the PP-VAC
group during the first two weeks of life than in all other groups, but higher during weeks 3
and 4. Hence, the cumulative FCR was equal for all groups.

2.2. Microbial Metabolites and pH in Crop and Cecal Contents

The short-chain fatty acid and lactate concentrations and pH levels in the crop contents
and cecal digesta are presented in Table 2.

Table 2. Effects of parent stock vaccination and dietary pre-and probiotic combination on pH and

lactate, short-chain fatty acid (SCFA), and branched-chain fatty acid (BCFA) concentrations [umol/g]

in crop and cecal digesta of 28-day-old Ross 308 broilers challenged with E. coli O1/018 on day

eight of life.
Experimental Groups 2
Cn Cp PP VAC PP-VAC SEM p-Value
Crop
pH 5.17 * 5.16 * 4.86 4.88 474 % 0.052 0.022
L-lactate 2042 22.0ab# 49.6 e 41.5abc 52.5¢ 3.34 0.002
D-lactate 7.80 121 21.8 155 34.1 3.07 0.100
acetate 8.31 7.92 10.9 6.47 11.8 0.946 0.396
propionate 0.120b 0.083 ab 0.0712 0.077 ab 0.070 2 0.005 0.013
i-butyrate 0.087 0.137 0.104 0.101 0.118 0.006 0.176
n-butyrate 0.026 0.025 0.021 0.017 0.016 0.004 0.661
i-valerate 0.010 @b 0.008 2 0.013 @b 0.013 b 0.019b 0.001 0.021
n-valerate 0.043 0.033 0.030 0.032 0.024 0.002 0.168
total BCFA 0.097 0.145 0.118 0.114 0.136 0.007 0.181
total SCFA 6.45 8.26 11.1 6.72 12.0 0.896 0.263
Cecum
pH 7.24 ¢ 7.10 b< 6.752 6.88 &P 6.77 2 0.042 <0.001
acetate 6232 69.6 b 81.1ab 90.6P 88.4P 2.48 <0.001
propionate 8.87 7.82 8.76 10.1 8.95 0.451 0.655
i-butyrate 1.58 1.37 1.22 1.86 1.84 0.092 0.117
n-butyrate 7.80 &# 12.7 &b 16.6 P+ 20.2° 19.4° 1.07 <0.001
i-valerate 1.34 1.41 1.29 1.75 1.72 0.084 0.179
n-valerate 1.24 ab 1.22ab 1112 1.54b 1.35 b 0.059 0.021
total BCFA 2.92 2.78 251 3.62 3.56 0.155 0.113
total SCFA 8332 94.1 ab# 1102k 126 P> 122P 344 <0.001

! pH values and SCFA and lactate concentrations are indicated as mean with pooled standard error of the mean
(SEM). 2 Cn: Negative control, Cp: E. coli O1/018 challenged control, PP: Pre-/probiotic addition, VAC: Parent
stock vaccination, PP-VAC: Pre-/probiotic addition and parent stock vaccination. ¢ Different superscripts
indicate significant differences within a row (p < 0.05). #* Different signs indicate a trend towards statistical
significance (0.05 < p < 0.10) between groups. Statistical analyses were conducted using the Kruskal-Wallis-test
followed by Mann-Whitney-U-test and Bonferroni correction for SCFA and lactate concentrations or one-way
ANOVA followed by post hoc Tukey-test for pH (n = 10/group).

Overall, lactate was the dominant microbial metabolite in the crop contents of every
experimental group. L-lactate concentrations increased most in the groups supplemented
with the pre- and probiotic combination (PP, PP-VAC), compared to both control groups
(p=0.002). The PP-VAC group also showed a trend toward lower pH values than the control
groups (Cn: p = 0.054; Cp: p = 0.063). Compared to lactate, short-chain fatty acids (SCFA)
were present at lower concentrations in the crop digesta, with acetate being numerically
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most abundant. Moreover, pre- and probiotic supplementation (PP and PP-VAC) significantly
decreased the crop propionate concentration compared to that in the negative control (p = 0.013),
and combination with parent stock vaccination (PP-VAC) resulted in significantly higher i-
valerate concentrations than in the positive control (p = 0.021).

The lactate concentrations in the cecal contents are not indicated because these values
were very low or below the detection limit. Acetate proved to be the most represented
SCFA in the cecal digesta of all experimental groups. Parent stock vaccination (VAC; PP-
VAC) led to significantly higher concentrations of not only acetate, but also n-butyrate
and total SCFA compared those in the negative control (p < 0.001). A trend toward higher
n-butyrate concentrations was also observed in the PP group compared to that in the Cn
group (p = 0.058). The highest cecal n-valerate values were detected in the VAC group,
which were significantly different from those in the PP group (p = 0.021). Similar to the
higher concentrations of the mentioned SCFA, the treatment groups (PP; VAC; PP-VAC)
showed lower cecal pH values than the negative control group, with birds in the PP and
PP-VAC groups additionally showing significantly lower pH than those in the positive
control group (p < 0.001).

2.3. Relative Abundances of Bacteria and Microbial Ecological Indices in Crop and Cecal Contents

All data on the ecological indices and relative abundances of bacterial orders, genera,
and species are presented in Supplementary Tables S1-S4. The relative abundances of
phyla in the crop and cecal digesta are displayed in Table 3, while the relative abundances
of the main bacterial genera are shown in Figure 1.

Table 3. Impact of parent stock vaccination and dietary pre-and probiotic combination on relative
abundance (%) ! of bacterial phyla in crop and cecal digesta of 28-day-old Ross 308 broilers challenged
with E. coli O1/018 on day eight of life.

Experimental Groups 2

Cn Cp PP VAC PP-VAC SEM p-Value
Crop

Firmicutes 91.3 ab# 91.32 97.6 b* 96.9 ab 96.7 brx 0.710 0.002
Proteobacteria 8.22b 7.83b 2.402ab 3.06 b 1922 0.711 0.003
Actinobacteria 0.202 0.033 0.013 0.052 0.653 0.078 0.152
Bacteroidetes 0.059 P nd.? nd.? 0.003 2 nd.? 0.006 <0.001
Cecum

Firmicutes 73.82 88.5P 92.5P 92.1b 91.7b 1.36 <0.001
Bacteroidetes 25.9 bx 11.1 ab# 7322 7.682 8.022 1.36 <0.001
Proteobacteria 0.001% 0.275* 0.138 0.202 0.005 *# 0.026 0.010
Actinobacteria 0.047 0.069 0.047 0.044 0.046 0.006 0.990
Tenericutes 0.067 0.006 0.001 0.034 0.012 0.008 0.061

! Data are presented as means with pooled standard error of the mean (SEM). n.d. = not detected. 2 Cn:
Negative control, Cp: E. coli O1/018 challenged control, PP: Pre-/probiotic addition, VAC: Parent stock vac-
cination, PP-VAC: Pre-/probiotic addition and parent stock vaccination. ab Different superscripts indicate
significant differences within a row (p < 0.05). #* Different signs indicate a trend towards statistical significance
(0.05 < p < 0.10) between groups. Statistical analyses were conducted using the Kruskal-Wallis-test followed by
Mann-Whitney-U-test and Bonferroni correction (1 = 10/group).

In the crop digesta, microbial richness decreased in all challenged treatment groups
(PP, VAC, and PP-VAC) compared to that in the negative control (p < 0.001; Table S1).
However, microbiota diversity did not differ in the crop digesta of the experimental groups,
indicated by Shannon index and evenness. In contrast, Shannon index and evenness
increased in the cecal contents of the VAC group compared those of the negative control
group (p = 0.016 and p = 0.012). Microbial richness in the cecal digesta was highest in birds
derived from vaccinated hens (VAC, PP-VAC), but only showed a trend compared to that
in other experimental groups (p = 0.058).
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Figure 1. Stacked bar charts presenting the average relative abundances (n = 10/group) of main
bacterial genera in the (a) crop and (b) cecal digesta of 28-day-old Ross 308 broilers challenged with
E. coli O1/018 on day eight of life. Cn: Negative control, Cp: E. coli O1/018 challenged control, PP:
Pre-/probiotic addition, VAC: Parent stock vaccination, PP-VAC: Pre-/probiotic addition and parent
stock vaccination.

Firmicutes was the predominant phylum in the crop contents of the 28-day-old broilers,
followed by a clearly lower relative abundance of Proteobacteria (Table 3). In contrast,
Actinobacteria and Bacteroidetes were barely detected. The relative abundance of Firmicutes
increased significantly in the crop digesta of broilers that received the pre- and probiotic
combination (PP, PP-VAC) compared to that in the challenged control group (p = 0.002)
and showed a trend compared to that in the negative control groups (PP: p = 0.062; VAC:
p = 0.082). Only the combination of both preventive measures (PP-VAC) led to a lower
abundance of Proteobacteria compared to that in both controls (p = 0.003). Bacteroidetes was
only detected in broilers in the Cn and VAC groups, with a significantly higher abundance
in the Cn group (p < 0.001) compared to that in other group.

In the cecal digesta, Firmicutes was again found to be the most abundant phylum,
followed by Bacteroidetes, and lower abundances were detected for Proteobacteria, Actinobac-
teria, and Tenericutes. The abundance of Firmicutes was higher in the challenged groups
than in the negative control group (p < 0.001). In contrast, Bacteroidetes was relatively less
represented in the Cp, PP, VAC, and PP-VAC groups compared to that in the Cn group
(p < 0.001). As with the crop samples, the PP-VAC group showed a lower abundance of
Proteobacteria compared to that in the positive control, although this was only observed as a
trend (p = 0.067).

In the crop contents, an influence of the feed supplements and parent stock vaccination
on the relative abundance of bacterial orders was detected. Here, both pre-/probiotic
application and parent stock vaccination, alone and in combination, increased the relative
abundance of Lactobacillales and drastically reduced the abundance of Rickettsiales as well
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as that of Clostridiales (Supplementary Table S2). However, significant differences in the
relative abundances of Pseudomonadales and Sphingomonadales were related to the challenge
itself, as the abundances of both orders were lower in all challenged groups (p = 0.008 and
p =0.033).

In the cecal contents, Clostridiales was the most abundant order in all experimental
groups and significantly more abundant in birds from vaccinated hens (VAC, PP-VAC)
compared to that in negative controls (Supplementary Table S2, p = 0.001). In contrast,
Bacteroidales was less abundant in all challenged treatment groups (p < 0.001). Furthermore,
Selenomonadales was not detected in the cecum of the unchallenged control group and in
birds fed the pre- and probiotic combination (PP, PP-VAC), but was detected in the VAC
and challenged control groups (p = 0.018).

As depicted in Figure 1a, the genus Lactobacillus dominated the microbiota in the crops
of all experimental groups (relative abundance: 96.6%-99.4%, Supplementary Table S3).
The VAC group showed the lowest relative abundance of Streptococcus in the crop contents,
which was significantly lower than that in the Cn group (p = 0.016). In crop samples of
pre-/probiotic-fed birds (PP, PP-VAC), the relative abundance of Novosphingobium was
lower than that in the negative controls (p = 0.009) and Clostridium sensu stricto 1 was not
detected in these chickens (p = 0.032). Moreover, in the PP-VAC group, Enhydrobacter and
an unknown genus of the Family Lachnospiraceae were not found (p = 0.019 and p = 0.049),
but Facklamia was detected at low abundance in contrast to all other groups (p = 0.073). The
control groups contained an unknown genus of the family Planococcaceae in the crop digesta,
which could not be found in the challenged treatment groups (p = 0.004). Furthermore,
Chryseobacterium was found in non-challenged birds, but not in challenged birds (p = 0.001).
As the genus Lactobacillus showed the highest abundance in the crop digesta, it was further
examined at the species level (Supplementary Table S4). Several known Lactobacillus
species showed numerical differences between experimental groups. However, a trend
in statistical differences was observed only for L. aviaries, which was not detected in the
three treatment groups (PP, VAC, PP-VAC) but was found in low abundance in both control
groups (p = 0.074).

The following genera were predominant in the cecal contents of all experimental
groups: unknown genera of the families Lachnospiraceae, Faecalibacterium, and Alistipes
(Figure 1b). Alistipes showed the highest abundance in the unchallenged control group
(p < 0.001). As in the crop contents, the lowest abundance of Streptococcus was present
in the VAC group, which was significantly lower than that in the Cn group (p = 0.012),
but at the same time, these birds showed a higher abundance of Oscillibacter compared to
that in the controls (p = 0.014). On the one hand, Eisenbergiella and Lachnospiraceae CAG-56
were significantly less represented in the PP-VAC group than in the negative control group
(p =0.008 and p = 0.003). On the other hand, Ruminococcaceae UCG-005, Ruminiclostridium
9, Ruminiclostridium, and Ruminiclostridium 5 were significantly more abundant in these
chickens compared to the negative and/or positive controls (p < 0.034).

2.4. Quantitative Determination of Enterobacterial Antibiotic Resistance Genes and the
Corresponding Escherichia coli/Hafnia/Shigella Group

The results of detecting three investigated antibiotic resistance genes (sul1-3, dhfrla,
and SHV-12) and bacterial group E. coli/Hafnia/Shigella in the excreta samples are summa-
rized in Table 4.

Two days after the E. coli challenge, increased enterobacterial sulfonamide (sull-3)
resistance was recorded in all challenged groups with a significant higher occurrence of
sull-3 in the Cp group compared to that in the Cn group. This general trend continued
in 14-, 21-, and 28-day old animals. However, trimethoprim (dhfr1a) resistance remained
unaffected by challenge in the vaccinated groups, in contrast to group PP on days 10 and
21. A similar pattern was observed for the E. coli/Hafnia/Shigella group gene on day ten,
which had slightly reduced copy numbers in the vaccinated groups compared to those in
the Cp group.
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Table 4. Impact of parent stock vaccination and dietary pre-and probiotic combination on gene copy
numbers (logyg) L of antibiotic resistance genes and bacterial group Escherichia coli/Hafnia/Shigella in
excreta samples of growing Ross 308 broilers challenged with the multi-drug-resistant E. coli O1/018
strain on day eight of life.

Experimental Groups 2

Target Gene 3 Day Cn Cp PP VAC PP-VAC SEM p-Value
sull-3
10 4,09 % 7.68b 7.39 abx 6.75ab 7.19 ab 0.330 0.015
14 632" 7.92 7.33 7.73 8.24 % 0.219 0.053
21 6.262 7.57 ab 8.35P 7.60 &b 6.95ab 0.196 0.012
28 7.81 8.55 8.14 8.03 7.72 0.128 0.354
dhfrla
10 2522 4.44 b 5.65P 2372 3.33ab 0.517 0.010
14 1.43 448 237 3.76 377 0.523 0.222
21 2552 5.63 ab 6.44b 1.432 2474 0.574 <0.001
28 3.38 476 2.76 1.43 2.70 0.525 0.080
SHV-12
10 3.29 2.80 458 351 481 0.457 0.217
14 3.86 408 3.85 1.36 3.08 0.438 0.295
21 3.63 3.64 3.20 1.36 1.36 0.384 0.124
28 3.99 3.12 293 1.36 1.36 0.385 0.097
E. coli/lHafnialShigella
10 8.76 ab# 9.51 b 934 ab 8574 8.88 ab 0.135 0.020
14 8.75 9.05 857 8.84 8.81 0.126 0.845
21 8.87 8.82 9.01 8.82 9.31 0.113 0.396
28 8.84 9.03 9.18 8.75 9.08 0.109 0.703

! Data are presented as means with pooled standard error of the mean (SEM). 2 Cn: Negative control, Cp: E. coli
01/018 challenged control, PP: Pre-/probiotic addition, VAC: Parent stock vaccination, PP-VAC: Pre-/probiotic
addition and parent stock vaccination. ® sul1-3: sulfonamide resistance gene, dhfrla: trimethoprim resistance gene,
SHV-12: extended-spectrum beta-lactamase gene. ®° Different superscripts indicate significant differences within
a row (p < 0.05). ** Different signs indicate a trend towards statistical significance (0.05 < p < 0.10) between
groups. Statistical analyses were conducted using the Kruskal-Wallis-test followed by Mann-Whitney-U-test and
Bonferroni correction (n = 5/group).

In addition, non-significant differences but numerically lower copy numbers of the
extended-spectrum beta-lactamase gene (SHV-12) were detected in the vaccinated groups
compared to the Cp group on days 14, 21, and 28.

3. Discussion

The present study investigated the impact of a preventive strategy including a pre- and
probiotic combination and parent stock vaccination on performance parameters, intestinal
microbial metabolites, bacterial composition, and excreted resistance genes in broiler
chickens.

Regarding growth performance, the final body weights achieved in the negative
control group after 28 days of life were comparable to those reported in other studies with
Ross 308 broilers [22,23]. Birds originating from vaccinated hens (VAC and PP-VAC groups)
showed the highest body weights with significantly improved body weight gains compared
to controls in the first two weeks of life. However, feed intake was also increased in these
birds, resulting in an unaffected cumulative FCR compared with control birds. Previous
studies with different vaccines reported no significant changes in average body weight at
38 days [10] or feed conversion and daily gain [11,24] among broiler flocks descended from
vaccinated and control birds, respectively. Nevertheless, the cited publications indicated
a lower broiler loss [24] or mortality [10,11] and a higher production index [11,24] in the
broiler flocks from vaccinated breeders. The outcomes in the current study might be due
to the beneficial effects of parent stock vaccination especially during the early life (first
two weeks) of broiler chicks, as maternal IgY antibodies usually disappear between 10 and
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20 days after hatching [13]. This could also be the reason for the numerically lower first
week mortality of broilers from vaccinated hens (5 out of 90 chicks, 5.56%) compared to
that of the immunologically less protected chicks (11 out of 135 chicks, 8.15%) in our study.
Nevertheless, as antibodies were not investigated in the present study, these assumptions
are only speculative.

However, there may have been synergistic effects with the pre- and probiotic combi-
nation. Birds in the PP-VAC group, which were not only from vaccinated hens but also
received the additional feed supplements, had the highest body weights throughout the
experimental period and highest cumulative body weight gains, which were significantly
higher than those of both controls. These results agree with those of previous studies inves-
tigating the effects of a commercial synbiotic product containing E. faecium (DSM 3530) and
FOS in which increased growth performance, villus height/crypt depth ratio, and villus
height in the small intestine were reported [25,26]. In addition, another study reported
enhanced humoral immune responses against Newcastle disease, infectious bronchitis, and
infectious bursal disease after supplementation with the same synbiotic product following
vaccination of the chickens [27]. In addition to the two ingredients mentioned above, this
commercial synbiotic also contained substances from sea algae, which may have been the
reason for the marked performance effects that were not consistently observed in the PP
group in our study. Furthermore, we used a multidrug-resistant E. coli field isolate, which
did not induce negative performance effects compared to the non-challenged control birds.
Spatial effects could partly explain this result, as chicks in the negative control group were
raised in a different stable than those in the challenged groups in order to avoid cross
contamination with the challenge strain. Therefore, it is difficult to conclude whether the
applied measures can ameliorate weight losses due to an infection caused by a pathogenic
strain. However, directly after challenge with the E. coli field isolate, all treatment groups
clearly showed better body weight gains than the positive control group during the second
week. Overall, the challenge strain obviously exerted only mild effects on the wellbeing of
the animals, which makes this multidrug-resistant field isolate a suitable model to study
the development and spread of antibiotic resistance in broiler flocks.

L-lactate was the dominant microbial metabolite in the crop while acetate was pre-
dominant in the cecal contents of every experimental group, which was consistent with
previously reported data [28-31]. Compared to the negative control group, the presence
of the challenge strain in the Cp group appeared to have only a slight, if any, effect on the
microbial metabolites, as no significant differences were determined. However, pre- and
probiotic supplementation may have had promising effects, since crop L-lactate concentra-
tions increased most in the groups fed the pre- and probiotic combination (PP, PP-VAC)
compared levels in both controls groups, and cecal acetate concentrations were higher in
the PP-VAC group than in the negative control group. This increase in metabolite concen-
trations likely led to lower pH values in the crops of the PP-VAC group and cecal digesta
of the PP and PP-VAC groups compared to those in the crops of both control groups. A
previous in vitro study showed that lactic acid and acetic acid are the main end products
in glucose fermentation ofpotential probiotics belonging to lactic acid bacteria [32]. Fur-
thermore, these organic acids can serve as substances with antagonistic properties against
potential pathogens, such as Salmonella typhimurium or E. coli, due to the resulting decrease
in pH [32]. The pre- and probiotic combination used in the current study consisted of
an E. faecium strain and FOS. Other in vitro results indicated the ability of E. faecium to
metabolize FOS with a rapid pH decline from 6.7 to less than 5.0 within 10 h of incubation
at 37 °C [33]. The addition of FOS to the diets probably increased fermentation through
the commensal microbiota in the crop and cecum and led to decreased pH values in the
respective parts of the intestinal tract. The E. faecium strain was likely able to establish well
in the crop as a lactic acid bacterium, as it can grow at elevated lactate concentrations. This
may have supported the existing microbiota and also account for the significant increase
in the relative abundance of Lactobacillales in the crop of the pre- and probiotic-fed groups
compared to that in controls.
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Nevertheless, parent stock vaccination also led to interesting effects in the cecal con-
tents, where levels of acetate, n-butyrate, and thus total SCFA were increased and conse-
quently the pH was reduced compared to the negative control. This could imply that the
immune response itself, as a host factor, is sufficient to alter the intestinal bacteria commu-
nity regardless of diet or feed supplements. As maternal IgY antibodies usually disappear
between 10 and 20 days after hatching [13], the observed impact on microbial metabolites
in the cecum on day 28 might be due to the long-term effects of derived antibodies in
birds from vaccinated parent stock. Maternal IgA for example could be detected in the
cytoplasm of goblet cells in chicks [34] and its release on the apical surface of enterocytes
may influence intestinal homeostasis and microbiota growth [35,36]. To our knowledge,
modulation of microbial metabolites in chickens derived from vaccinated hens has not been
described to date. However, several studies have reported effects of vaccination on the
cecal microbiota [37-39] of chickens. At this point, investigating IgY, IgM, and IgG levels in
broiler chickens would likely have further increased the validity of our results.

The higher concentrations of SCFA in the VAC group were accompanied by increased
Shannon index and evenness in cecal samples, suggesting that the increased bacterial
diversity was related to enhanced production of bacterial metabolites. This is one of the
reasons why increased bacterial diversity is often considered to be beneficial. However, this
should not be accepted as a general conclusion. An example for the opposite was observed
in the crop digesta. Here, lower bacterial richness was detected in all challenged treatment
groups (PP, VAC, PP-VAC) compared to the negative control group. This observation
correlated with the increased abundance of the genus Lactobacillus and decreased pH in
the crop digesta, which can be judged as beneficial since it is considered to be a barrier
for potentially pathogenic strains. Another study observed no impact of pro- and/or
phytobiotic addition to the diet regarding the bacterial richness of the crop contents [28].
However, reduced diversity indices (Shannon index and evenness) were reported in groups
supplemented with a Lactobacillus salivarius strain and different phytobiotics compared to
those in the control group.

Furthermore, a previous study determined no significant effects of a live attenuated
IBV (Infectious Bronchitis Virus) vaccine on the Shannon or inverse Simpson indexes of
the cecal contents of nine-week-old chickens [37]. Two other publications even reported
decreased OTU (operational taxonomic unit) numbers in cecal samples from laying hens
vaccinated with a live attenuated S. enteritidis vaccine [40] and Cobb broilers vaccinated
with a live E. coli vaccine [38], respectively. Nevertheless, these outcomes derived from
active immunization may not be fully comparable to the impact of maternal immunity
on the intestinal microbial diversity indices demonstrated in our study. Similar to our
results, ecological indices in cecal contents did not differ significantly between different
groups when the diet was supplemented with additional feed ingredients (pro- and/or
phytobiotics) [28].

Overall, the relative abundance of the phylum Firmicutes was increased in the crops of
the PP and PP-VAC groups compared to those in the control groups, which was probably
due to better growth conditions for lactic acid bacteria in the FOS-supplemented groups.
This increase was at the expense of Proteobacteria, which was present in significantly lower
abundance in the crops of the PP-VAC group compared to those of the control groups. In
addition, the cecal contents of chickens in the PP-VAC group also showed a trend towards
lower Proteobacteria abundance compared to those in the positive control group. While
the phylum Firmicutes yields different probiotic strains of the order Lactobacillales, the
phylum Proteobacteria contains genera with potential chicken and human pathogens, such
as Salmonella, Escherichia, Pasteurella, or Campylobacter. Indeed, the relative abundance
of Firmicutes in the crop contents of the PP group increased, whereas the abundance
of Pseudomonadales, an order of the phylum Proteobacteria with potentially pernicious
bacteria [41], decreased compared to that in the negative control group. Likewise, the
PP-VAC group also showed a lower abundance of Rickettsiales (Proteobacteria) in the crop
digesta compared to that in the control groups. As the increased abundance of Proteobacteria
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correlates positively with pro-inflammatory cytokines in chickens [42], a lower abundance
of this phylum, but higher levels of Firmicutes, may be indicative of a beneficial shift in the
microbiota of birds receiving the pre- and probiotic ingredients in combination with parent
stock vaccination.

As expected, the genus Lactobacillus (phylum Firmicutes) dominated the crop digesta
of all experimental groups [28,43]. Genera of the phylum Proteobacteria (Acinetobacter and
Novosphingobium) and Clostridium sensu stricto 1 (phylum Firmicutes) were not detected in
the crop digesta of the PP group and the relative abundance of Novosphingobium was also
significantly lower in the PP-VAC group compared to that in the negative control group. In
a previous study, it was observed that high abundance of C. sensu stricto 1, which is very
common in the cecum of young chicks [44] and also in other monogastric animals such as
pigs [45], was associated with necrotic enteritis in the jejunum [46], indicating potentially
deleterious effects in the upper intestinal tract of broiler chickens. Novosphingobium spp. are
more present in human patients with severe lung disease and can contribute to increased
inflammatory responses to smoke exposure in mouse models [47]. Another study reported
adverse effects in the liver due to activation of natural killer T cells by Novosphingobium
in mice [48]. Therefore, bacteria of the genus Novosphingobium could also be detrimental
to the respiratory or liver function of other animals. Both in the crop and cecal contents,
the genus Streptococcus (Firmicutes) was less present in the VAC group than in the negative
control group. Different Streptococcus species with pathogenic potential have already been
isolated from poultry [49-51]. In contrast to Streptococcus, the abundance of Oscillibacter
(phylum Firmicutes, Eubacteriales) in the cecal contents of the VAC group was significantly
higher than that in both control groups. Oscillibacter species were positively associated with
high feed efficiency in broiler chickens [52] and they express enzymes for the production of
butyrate [53], a preferred energy source for enterocytes in the large intestine [54]. Effects
at the genus level were also detected in the cecal digesta of the PP-VAC group, where
abundances of genera of the class Clostridia, such as Ruminiclostridia (Eubacteriales) or
Ruminococcaceae UCG-005 (Clostridiales), were increased compared to those in both control
groups and Eisenbergiella, a member of the family Lachnospiraceae (phylum Firmicutes,
Clostridiales) was less represented than in the negative control group. Ruminiclostridium 5
was found at higher abundances in chickens with high abdominal fat percentage and higher
BW [55]. In addition, Ruminococcaceae UCG-005 was highly positively correlated with BW
and average daily gain (ADG) in pigs [56]. In contrast, authors of a previous study identified
anegative correlation between Eisenbergiella abundance, BW, and ADG [57]. However, in the
latter study, feed conversion was also negatively correlated with Eisenbergiella abundance,
suggesting better feed conversion was attributed to this genus [57].

Concerning the excreted antibiotic resistance genes, two days after E. coli challenge,
increased enterobacterial sulfonamide resistance (su/1-3) was recorded in all challenged
groups compared to the Cn group, indicating that the strategies employed were not suf-
ficient to reduce excretion of this specific antibiotic resistance gene. This general trend
continued in 14-, 21-, and 28-day-old animals. Interestingly, the VAC group, but not the
group receiving the pre- and probiotic combination, showed decreased copy numbers of
the dhfrla gene. Considered in detail, the lowest copy number levels of the dhfrla gene
were observed in the VAC and Cn groups at days 10 and 21, which were significantly
lower than those in the PP group. This was accompanied by reduced copy numbers for E.
coli/Hafnia/ Shigella in the VAC group compared to those in the challenged control group
on day 10. As in the VAC and Cn groups, lower dhfrla copy numbers were detected in the
PP-VAC group than in the PP group at day 21. These results may be indicative of a potential
beneficial effect induced by specific parent stock vaccination against the multidrug-resistant
E. coli stain, in terms of reduced excretion of E. coli/Hafnia/Shigella and dhfrla genes in
the early life of chickens. Indeed, it has already been described that vaccination can be a
successful measure to combat antibiotic resistance if it prevents infections and replaces the
use of antibiotics [58,59]. Similar to the dhfrla resistance gene, lower copy numbers of the
extended-spectrum beta-lactamase gene (SHV-12) were detected in the vaccinated groups

56



Antibiotics 2022, 11, 1703

12 of 20

(VAC, PP-VAC) compared to those in the Cp group on days 14, 21, and 28. However, these
differences were not found to be statistically relevant.

Taken as a whole, specific vaccination of parent stocks, and thus improved maternal
immunity, can be one approach to achieve protection against antibiotic-resistant bacteria
and improve growth performance in the early lives of chickens. When protection by ma-
ternal antibodies is depleted in young chickens, it is important to strengthen the immune
response. Here, feed supplements were proven to be useful. In a previous study, increased
fecal IgA levels were observed in chickens 20 days after vaccination against Salmonella
enteritidis and administration of probiotic E. faecium, compared with a group that received
vaccination alone [40]. Additionally, the authors of the cited publication observed a fa-
vorable modulation of the intestinal microbiota, including a reduction in the abundance
of Escherichia-Shigella and increased abundance of Lactobacillus, by combining vaccination
with probiotic use [40]. These results and the outcomes in our study imply that chickens
can benefit from a multimodal preventive strategy that includes both nutritional tools and
measures directly aimed at the immune system.

4. Materials and Methods

The animal trial was approved by the Regional Office of Health and Social Affairs
“Landesamt fiir Gesundheit und Soziales Berlin” (LAGeSo, G 0029/21).

4.1. Broiler Breeders and Vaccination

To investigate the impact of parent stock vaccination and a chosen pre- and probiotic
combination on performance, the intestinal microbiota, and their metabolites in broilers,
93 Ross 308 broiler breeders (82 female, 11 male) were purchased at nine weeks of age from
a commercial rearing farm in Saxony-Anhalt, Germany. The broiler breeders were kept
in five pens and had access to water ad libitum. Feed was offered as meal and presented
according to the parent stock production objectives from the breeder [60]. Broiler breeders
received grower (week 9-18) and breeder diets (from week 23) based on corn, wheat,
soybean meal, and rapeseed meal (Supplementary Table S7). The diets were calculated to
meet or exceed the nutrient specifications for growing and adult broiler breeders [61,62].
From weeks 19 to 23, the grower feed was mixed with continuously increasing proportions
of the adult breeder feed. The ambient temperature was adjusted at 22 °C. Artificial light
was provided for 8 h until 21 weeks of age. From weeks 22 to 26, the duration of lighting
increased weekly to a 14 h light and 10 h dark cycle in order to stimulate the development
of egg follicles. At 12 and 17 weeks of age, 35 hens were vaccinated intramuscularly with an
inactivated autogenous vaccine containing whole-cell E. coli O1/018 field isolate (520-0172,
RIPAC-LABOR GmbH, Potsdam, Germany). The autogenous vaccine was prepared as an
oil-based emulsion and used at a dosage of 0.5 mL /hen. Hatching eggs were collected at
32-33 weeks of life and separated according to vaccination or non-vaccination of the parent
stocks. Eggs were automatically incubated in a pre-incubator at 37.8 °C and 55% humidity
for the first 17 days. From days 17 to 21, incubation took place in the hatcher at 37.3 °C
with 58% humidity.

4.2. Broiler Chicks and Experimental Groups

After hatching, 225 Ross 308 broiler chicks (male and female, 90 from vaccinated hens,
135 from non-vaccinated hens) were randomly allocated into five experimental groups
(Table 5): non-challenged negative control (Cn); E. coli-challenged positive control (Cp);
diet supplemented with a pre-/probiotic-combination and challenged (PP); descended
from vaccinated hens and challenged (VAC); and descended from vaccinated hens, diet
supplemented with a pre-/probiotic-combination, and challenged (PP-VAC). The sex of
the chickens was determined phenotypically within the first two weeks of life and on day
27. The sex ratios of the experimental groups are shown in Supplementary Table S5.
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Table 5. Experimental setup to test preventive strategies (pre-/probiotic combination and parent
stock vaccination) in an Escherichia coli challenge model with growing Ross 308 broilers.

Experimental Group ! Parent Stock Pre-/Probiotic E. coli-
Vaccination 2 Combination 3 Challenge *
Cn No No No
Cp No No Yes
PP No Yes Yes
VAC Yes No Yes
PP-VAC Yes Yes Yes

1 Five pens for each experimental group, total number of chicks per group: 45; 2 Autogenous vaccine (Escherichia
coli O1/018, inactivated, RIPAC-LABOR GmbH, Germany); 3 Probiotic: Enterococcus faecium DSM 7134 0.1 g/kg
complete feed (Bonvital®, LACTOSAN GmbH & Co. KG, Kampfenberg, Austria) and prebiotic: fructooligosaccha-
rides 10 g/kg complete feed (Orafti®OPS, BENEO-Orafti S.A., Tienen, Belgium) from the first day of life; * Oral
challenge at day eight of life with a multidrug-resistant Escherichia coli O1/018 field isolate (RIPAC-LABOR GmbH,
Potsdam, Germany) 3.24 x 107 cfu/mL, 600 L /chick; birds in Cn group received 600 pL sterile peptone water.

All broilers were kept in groups with nine chicks per pen and five pens per ex-
perimental group in litter-floor pens with Miscanthus shavings (Sieverdingbeck-Agrar,
Velen-Ramsdorf, Germany). In addition, 27 reserve birds were kept in three additional
pens (separated according to parent stock vaccination and diet) to compensate for possible
chick losses. All birds had access to feed and water ad libitum over the total trial period of
28 days. The rooms were pre-warmed prior to animal placement. The initial temperature
of 35 °C was kept for 48 h and thereafter gradually reduced by 3 °C per week. After a
3 d period of constant light, a daily cycle comprising 18 h light and 6 h darkness was
provided from day four onwards. During the experimental period, the general conditions
of the chickens were monitored daily with a focus on: feed and water intake, frequency of
respiration, appearance of the plumage, and fecal consistency. Body weight (BW) and feed
intake (FI) were recorded weekly to calculate average body weight gain (BWG) and feed
conversion ratio (FCR = FI/BWG) with the pen as the experimental unit.

4.3. Challenge Strain

At eight days of age, birds in the Cp, PP, VAC, and PP-VAC groups were orally challenged
with 600 uL of an E. coli field isolate (serotype O1/018) at a dosage of 3.24 x 107 cfu/mL. The
challenge strain was kindly provided by RIPAC-LABOR GmbH (Potsdam, Germany) and
showed a multidrug resistance profile against various antibiotics (Supplementary Table
56). To avoid cross-contamination, broilers in group Cn were reared separately from the
challenged broilers in another coop.

The E. coli challenge suspension was prepared based on a standard protocol [63]
with small modifications. Briefly, cryopreserved bacterial colony material was incubated
overnight at 37 °C in 10 mL LB broth (LB Lennox, Carl Roth GmbH + Co. KG, Karlsruhe,
Germany) with 0.1% glucose (D(+)-glucose, Carl Roth GmbH + Co. KG, Karlsruhe, Ger-
many), two days before the challenge day. The following day, 100 uL of this pre-culture was
transferred into 10 mL fresh medium (LB broth with 0.1% glucose) and incubated again
at 37 °C for 8 h, before making a 1:2 x 107 dilution in an Erlenmeyer flask. Subsequently,
the diluted main culture was incubated again overnight at 37 °C under constant shaking
(110 rpm). On the challenge day, the culture was slowly cooled to 23 °C and centrifuged
(10,000 x g for 20 min at 23 °C). The supernatant was discarded, the cell pellet was resolved
in sterile buffered peptone water (Sigma-Aldrich, Taufkirchen, Germany), and the cell
density was adjusted to 1.74 x 10% cells/mL. Broilers from the challenged groups received
600 pL suspension orally, applied into the crop. The dispenser tips were changed between
pens. Chicks in the Cn group received the same volume of sterile peptone water. To
determine the concentration of vital cells, the challenge suspension was serially diluted
and plated in duplicate on LB (with 0.1% glucose) agar plates (1.5% Agar No.1, OXOID
LIMITED, Basingstoke, England). After incubation at 37 °C for 24 h, an actual concentration
of 3.24 x 107 cfu/mL challenge suspension was determined.
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4.4. Experimental Diets, Prebiotic and Probiotic

Two different experimental diets were offered to the broiler chicks in meal form:
a control diet based on soybean meal, corn, and wheat and a diet based on the same
ingredients but supplemented with the pre- and probiotic combination. The contents
of the diets were calculated to meet the nutrient recommendations as specified by the
German Society for Nutritional Physiology for broilers [64]. The feed composition and
analyzed nutrient contents of the diets are shown in Table 6 (complete analysis is shown in
Supplementary Table S8). The pre-/probiotic combination was selected according to its
promising effect on growth inhibition of E. coli O1/018 in a preliminary ex vivo study [65].
A commercial granulated probiotic product containing E. faecium DSM 7134 (1 x 10'° cfu/g
additive, Bonvital®, LACTOSAN GmbH & Co. KG, Kampfenberg, Austria) was used at
a dose of 0.1 g/kg diet according to the manufacturer’s recommendations for minimum
inclusion level. The actual dosage was verified by serial dilution in duplicate on Slanetz
and Bartley medium (OXOID LIMITED, Basingstoke, England) agar plates and proven to
be 1.01 x 107 cfu/kg complete feed for the starter pre-/probiotic diet and 8.5 x 108 /kg
complete feed for the grower pre-/probiotic diet. The probiotic strain is authorized in the
EU as a zootechnical additive (functional group: gut flora stabilizer) for chicken fattening
according to council regulation (EC) No. 1831/2003.

Table 6. Composition and analyzed nutrient composition of the experimental diets (as-fed basis).
The experimental starter diet was fed on days 1-14 and the grower diet on days 15-28 to Ross 308
broiler chicks.

Starter Grower

Basal diet Pre-gir;blwhc Basal Diet Pre-gir:tblwhc
Ingredients [%]
Soybean Meal 33.55 33.55 30.18 30.18
Maize 32.31 32.31 34.93 34.93
Wheat 24.85 23.85 25.00 24.00
Soybean oil 4.40 440 5.48 5.48
Limestone 1.68 1.68 1.54 1.54
Monocalcium 128 128 1.08 1.08
phosphate
Trace mineral and 1.20 1.20 1.20 1.20
vitamin premix
DL-Methionine 0.35 0.35 0.30 0.30
L-Lysine HCL 0.28 0.28 0.22 0.22
Threonine 0.10 0.10 0.07 0.07
FOS?3 0.00 1.00 0.00 1.00
Analyzed Nutrient Composition [g/kg]
Dry matter 910 910 914 913
Crude ash 52.9 53.9 494 48.7
Crude protein 229 233 213 212
Ether extract 69.9 61.4 73.1 71.4
Crude fiber 28.2 249 25.0 27.6
Methionine 7.05 7.62 6.41 5.74
Lysine 13.8 13.5 124 10.5
Calcium 8.63 8.94 7.86 7.89
Total phosphorus 6.25 6.44 5.77 5.78
AMEy * [MJ/kg] 12.6 12.6 12.9 12.9

! Diets additionally supplemented and mixed with the probiotic strain: Enterococcus faecium DSM 7134 at an
inclusion level of 0.1 g supplement/kg complete feed (Bonvital®, 101 cfu/ g, LACTOSAN GmbH & Co. KG,
Austria). 2 Contents per kg experimental diet: Fe (ferrous sulphate), 60.00 mg; Cu (copper sulphate), 12.00 mg; Zn
(zinc oxide), 60.00 mg; Mn (manganese oxide), 72.00 mg; I (calcium iodide), 0.54 mg; Se (sodium selenite), 0.42 mg;
vit. A, 7200 IU; vit. D3, 1440 IU; vit. E, 96.0 mg; vit. K3, 3.60 mg; vit. B1, 3.00 mg; vit. B2, 3.00 mg; vit. B6, 4.80 mg;
vit B12, 24.0 pg; niacinamide, 30.0 mg; folate, 1.20 mg; biotin, 300 ng; D-calcium-pantothenate, 12.00 mg; choline
chloride, 960.00 mg. 3 Fructooligosaccharides (Orafti®OPS, BENEO-Orafti S.A., Tienen, Belgium). 4 Nitrogen-
corrected apparent metabolizable energy calculated from the chemical composition of the feed ingredients
(European Commission Directive 86/174/EEC): 0.1551 X % crude protein + 0.3431 X % ether extract + 0.1669 x %
starch + 0.1301 x % total sugar.

59



Antibiotics 2022, 11, 1703

15 of 20

In addition, fructooligosaccharides derived from chicory inulin by partial enzymatic
hydrolysis (Orafti®OPS, BENEO-Orafti S.A., Tienen, Belgium) served as prebiotic product
at a dosage of 10 g/kg experimental diet.

4.5. Sampling

At the end of the experimental period, two chickens per pen (ten chickens for each
experimental group) were stunned and killed by exsanguination. Crop and cecal contents
were filled directly into sterile tubes, the pH was measured, and samples were stored at
—80 °C until further analysis of microbial metabolites and intestinal bacteria.

In addition, fresh excreta samples were collected from each pen on days 10, 14,
21, and 28 as pool samples and stored at —80 °C in order to quantify the bacterial Es-
cherichia /Hafnia / Shigella group and resistance genes by qPCR.

During collection of samples and further analysis, protective clothing and sterile
gloves were worn to avoid contamination by human handlers. Sampling equipment was
renewed or disinfected between animals or pens, respectively.

4.6. Analysis of Microbial Metabolites and pH

In crop and cecal digesta samples, concentrations of short-chain fatty acids (SCFA:
acetate, propionate, i/n-butyrate, and i/n-valerate) and D- and L-lactate were analyzed as
previously described [66]. Briefly, SCFA were examined using gas chromatography (Agilent
Technologies 6890N, autosampler G2614A, and injection tower G2613A; Network GC
Systems, Boblingen, Germany) with caproic acid as the internal standard. Total branched-
chain fatty acids (BCFA) were calculated as the sum of i-butyrate and i-valerate. D- and
L-lactate concentrations were measured via HPLC (Agilent 1100; Agilent Technologies,
Boblingen, Germany). The pH was measured in the original undiluted digesta samples
using an electronic pH meter (Seven Multi pH meter, Mettler-Toledo GmbH, Gieflen,
Germany) immediately after sacrificing the broilers.

4.7. 16S rDNA Sequencing and qPCR

DNA was extracted from 250 mg crop and cecal contents (for 165 rDNA sequencing)
or excreta samples (for qPCR), respectively. A commercial extraction kit (QIAamp Pow-
erFecal Pro DNA Kit, Qiagen, Hilden, Germany) was used according to the manufacturer’s
protocol, except for an additional lysis step at 65 °C for 10 min, as previously described [65].
Thereafter, the DNA extracts were frozen at —30 °C until further analysis.

The obtained DNA extracts from the crop and cecal contents were sequenced on an
INlumina NextSeq500 sequencer (LGC, Berlin, Germany) with two 150 bp-pair reads. After
demultiplexing via Illumina bcl2fastq (v. 2.17.1.14), paired reads were combined using
BBMerge (v. 34.48). Finally, the resulting 165 rDNA sequences were determined with the
QIIME?2 pipeline [67] and the SILVA SSU database [68]. Quality control and sequence counts
were analyzed using DADAZ2 [69]. Further details regarding sequence read processing were
described previously [28].

Quantification of the bacterial group Escherichia/Hafnia/Shigella and resistance genes
sull-3 (sulfonamide resistance gene), dhfrla (trimethoprim resistance gene), and SHV-
12 (extended-spectrum beta-lactamase gene) in excreta samples was achieved via qPCR
using an AriaMx real-time PCR system (Agilent, Santa Clara, CA, USA) with AriaMx V
1.4 software (Agilent, Santa Clara, CA, USA) and Brilliant II SYBR Green qPCR Master
Mix with Low ROX (Agilent, Santa Clara, CA, USA). Primer sequences and annealing
temperatures are presented in Table 7. All amplification programs were performed with
an initial denaturation step at 95 °C for 10 min, followed by a 30 s annealing time, and an
extension at 72 °C for 30 s. Melting curves of the PCR products were inspected in order to
review correct amplification of the target gene. Target gene copy numbers/g excreta were
calculated from a calibration series with known copy number concentrations.
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Table 7. Target gene, sequences, and annealing temperatures of primers used for the detection of
resistance genes and bacterial group Escherichia coli/ Hafnia/Shigella in excreta samples.

Annealing

Target Gene Primer Sequence (5’ to 3') T Reference
emperature
sull-3 sull-3-f CGATCCGGGGATGGGATTTT 60 °C [70]
sull-3-r CACCGAGACCAATAGCGGAA
dhfrla dhfrla-f GGAGTGCCAAAGGTGAACAGC 50 °C [71]
dhfrla-r GAGGCGAAGTCTTGGGTAAAAAC
SHV-12 SHV-12-f ATTTGTCGCTTCTTTACTCGC 55°C [72]
SHV-12-r TTTATGGCGTTACCTTTGACC
E. coli/Hafnia alvei/ Entero-f GTTAATACCTTTGCTCATTGA 55°C [73]
Shigella spp. group Entero-r ACCAGGGTATCTAATCCTGTT

4.8. Statistical Analysis

The results are presented as means with standard deviation or pooled standard error of
the mean. Statistical analyses were performed using SPSS 28.0 software (IBM SPSS Statistics
28.0; Armonk, NY, USA). Data were analyzed using ANOVA and post hoc Tukey-HSD
for normally distributed data (performance data, pH), and the non-parametric Kruskal-
Wallis test with Bonferroni correction followed by the Mann-Whitney test was applied for
non-normally distributed data (microbial metabolites, ecological indices of the intestinal
microbiota, relative abundance, target gene copy numbers). Differences were considered to
be significant at p < 0.05 and p-values between 0.05 and 0.10 were considered indicative of
a trend.

5. Conclusions

In the presents study, the beneficial effects (increased BW and BWG, reduced digesta
pH, decreased abundance of Proteobacteria) obtained by combining both preventive strate-
gies were probably attributed to the better initial conditions of the chicks with parent
stock vaccination and favorable modulation of the intestinal microbiota by the applied pre-
and probiotic combination. Thus, the combination of parent stock vaccination with pre-
and probiotic supplementation provides a promising tool for future strategies to reduce
the usage of antibiotics in broilers and consequent development of antibiotic resistance.
However, the FCR remained unaffected by the combined strategy and the excretion of
antibiotic resistance genes upon challenge with a multidrug-resistant E. coli strain was only
affected by parent stock vaccination. Further studies are needed to investigate whether
maternal immunity together with synbiotics is a sufficient alternative strategy to antibiotics
in order to combat severe pathogen challenges in chickens.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antibiotics11121703/s1, Table S1: Effects of parent stock vaccination
and dietary pre-and probiotic combination on ecological indices of the intestinal microbiota in crop
and cecal digesta of 28-day-old Ross 308 broilers challenged with E. coli O1/018 on day eight of
life; Table S2: Impact of parent stock vaccination and dietary pre-and probiotic combination on
relative abundance (%) of bacterial orders in crop and cecal digesta of 28-day-old Ross 308 broilers
challenged with E. coli O1/018 on day eight of life; Table S3: Impact of parent stock vaccination and
dietary pre-and probiotic combination on relative abundance (%) of bacterial genera in crop and cecal
digesta of 28-day-old Ross 308 broilers challenged with E. coli O1/018 on day eight of life; Table S4:
Impact of parent stock vaccination and dietary pre-and probiotic combination on relative abundance
(%) of known Lactobacillus species in crop digesta of 28-day-old Ross 308 broilers challenged with
E. coli O1/018 on day eight of life; Table S5: Sex ratios of broilers in experimental groups, detected
phenotypically within the first two weeks of life and on day 27; Table S6: Resistance profile of E. coli
01/018, tested with agar diffusion method. R = resistant, S = sensitive; Table S7: Ingredients and
analyzed nutrient composition of the grower and breeder diets, fed to Ross 308 broiler breeders
(as-fed basis); Table S8: Analyzed nutrient composition of the experimental diets (as-fed basis), fed to
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growing Ross 308 broiler chicks. The experimental starter diet was fed on days 1-14 and the grower
diet on days 15-28 to Ross 308 broiler chicks.
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General discussion and conclusion

5 General discussion and conclusion

First, it is important to mention that during the work process on the current thesis, the species
B. coagulans was reclassified several times. The species names changed from the basionym
B. coagulans to Weizmannia coagulans (Gupta et al. 2020) and Weizmannia faecialis (Kieu et
al. 2022) to Heyndrickxia coagulans in 2023 (Narsing Rao et al. 2023). The probiotic strain
DSM 32016 was last authorized in the EU as Weizmannia faecialis (EFSA 2023d) (see
Table 2.3). Moreover, the E. faecium strain DSM 7134, the bioactive compound of the product
Bonvital®, used in the present studies has since been reassigned to and authorized as
Enterococcus lactis DSM 7134 (EFSA 2023a) (see Table 2.3). Yet, both E. faecium and
Enterococcus lactis are phylogenetically highly related (Franz et al. 2024). To avoid confusion,
the two probiotic strains are referred to by their original names (B. coagulans and E. faecium)
in this thesis, as these names were also initially used in the publications of Parts | and Il. In
addition, further names of bacterial species have been written as they appear in the

publications cited.

The overall aim of this study was to evaluate a multifactorial, preventive strategy against
antibiotic-resistant Enterobacteriaceae, consisting of a preselected pre- and probiotic
combination together with a specific parent stock vaccination. In order to select suitable
prebiotic and probiotic products, an ex vivo test was first carried out with different pre- and
probiotics to determine their effectiveness against the antibiotic-resistant Enterobacteriaceae
strains. The most promising product combination was then investigated together with a parent
stock vaccination in an in vivo challenge trial. Referring to the original hypotheses of this thesis,
(I) the ex vivo study showed that not all prebiotics and probiotics tested effectively inhibited the
growth of the selected antibiotic-resistant E. coli and S. Enteritidis strains in the chicken caecal
slurries. On the contrary, a few treatments sometimes even led to better growth of Salmonella
Enteritidis. Yet, the combinations of the probiotic strain E. faecium DSM 7134 with inulin or
FOS proved to be most efficient in reducing the fithess of the selected antibiotic-resistant
Enterobacteriaceae strains. In addition, the antibiotic-resistant strains showed a significant
delay of lag time in caecum digesta samples of broiler breeders with older age.

(I) The in vivo trial demonstrated that the preselected combination of E. faecium DSM 7134
and FOS together with maternal vaccination can achieve synergistic effects in increasing BW
and BWG of broilers exposed to a multidrug-resistant E. coli strain. In addition, this
multifactorial strategy reduced digesta pH levels in crop and caeca and the relative abundance
of Proteobacteria in the same samples.

(1) Contrary to the original hypothesis, however, the spread of specific antibiotic resistance

genes could not be prevented by the chosen approach.
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5.1 Main Findings

5.1.1 Results of the ex vivo assay

Part | of the present thesis indicated inconsistent effects of different pre- and probiotics and
their combinations on growth of antibiotic-resistant Enterobacteriaceae as one central
outcome. Similar to the results in the present study, other authors found different effects of
various prebiotics depending on the (foodborne) pathogen species tested in vitro (Froebel et
al. 2020). The pathogens each showed a varying sensitivity to individual prebiotics regarding
the adhesion to the chicken GIT epithelium (Froebel et al. 2020). Moreover, they found dose
specific effects in respect of adhesion inhibition (Froebel et al. 2020). Another ex vivo assay
with faecal samples from pigs confirmed the variable effects of pre- and probiotic products on
different pathogens as well (Zeilinger et al. 2021). In support of the present study results, it
was also shown that individual pre- and probiotic applications can even promote the ex vivo
growth of pathogens in samples from monogastric animals (Zeilinger et al. 2021). Additionally,
farm-specific responses to the supplements were observed, likely due to differences in the
initial microbial conditions (Zeilinger et al. 2021). In the current study with chicken digesta
samples, slight differences between the farms also emerged, but were less pronounced in
contrast to the overall treatment effects. This is probably due to the fact that all poultry flocks
had the same basal management conditions, as they belonged to the same company. Here,
the main external factors known to influence the general microbiome composition in the GIT
such as husbandry system and diet formulation (Kers et al. 2018) were almost identical.

Another observation from the laboratory work is that only the synergistic effect of pre- and
probiotics significantly inhibited the growth of the investigated Enterobacteriaceae strains
compared to the positive control, while the single treatment with the respective products alone
was unsuccessful. Better outcomes in Salmonella suppression were also demonstrated by
other studies, e.g. in the digestive tract of chickens after application of a synbiotic (multi-strain
probiotic with fructans) compared to the same probiotic strains (Bacillus subtilis, Bacillus
licheniformis, Saccharomyces cerevisiae) alone (Fazelnia et al. 2021). Nevertheless, there are
also studies that report the opposite. Hence, decreased Salmonella counts were reported after
prebiotic (inulin and oligosaccharides) administration in caecal contents of chickens during first
week after infection compared to the synbiotic (same prebiotics with probiotic strains) and
probiotic (Bacillus subtilis, Lactobacillus acidophilus, Lactobacillus casei, E. faecium,
Bifidobacterium longum) group (Murate et al. 2015). Furthermore, reduced growth of an APEC
strain could be determined by administration of different probiotics without prebiotics in vitro
(Kathayat et al. 2022), which the present thesis could not confirm. However, in the
aforementioned study, an agar well diffusion test was performed and thereby the dependence
of the feed additive's effect on the gut microbiome was disregarded. This could explain the

difference in output compared to the present study. Finally, the basic idea of a (truly synergistic)
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synbiotic product is to provide a substrate that can be converted selectively by the co-
administered probiotic strain in order to improve the vitality (Swanson et al. 2020). It is possible
that the pure samples of caecum content provided too little nutrients for the growth of the
probiotics in the present investigation, and therefore their impact on caecal microbiota and the
pathogenic strain may have been limited. Instead, a combination of pre- and probiotics could
provide benefits that were not achievable by single supplementation in the chosen
experimental setup. For instance, higher SCFA and lactic acids concentrations were found in
the excreta of chickens fed with different synbiotics, which could not be measured to this extent
after the administration of a probiotic product, especially with regard to butyric acid and lactic
acid concentrations (Slizewska et al. 2020). The higher concentrations of SCFA and lactic acid
generated by synbiotic application might be one explanation why the Enterococcus
combinations with inulin or FOS were more effective in Enterobacteriaceae inhibition than pre-
or probiotics alone in the implemented assay.

Additionally, older age of the chickens was detected to be a significant factor increasing the
lag time of E. coli and Salmonella, thus reducing the fitness of these antibiotic-resistant strains
in the current study. Changes in intestinal physiology with increasing age can be a reason for
this effect. In a large-scale broiler study, age was found to be a major host-related factor for
influencing intestinal physiology, particular mucosal morphology and bacterial metabolic
activity (Duangnumsawang et al. 2022). Increasing microbial diversity (Lu et al. 2003; Oakley
and Kogut 2016) and higher concentrations of SCFA (Duangnumsawang et al. 2022) in the
GIT of older broiler chickens directly support the mechanism of CE, as described in chapter
2.1.1 of this thesis. Nevertheless, it should be mentioned that the general prevalence of
antibiotic-resistant bacteria in the gastrointestinal tract of pigs and cattle seems to decrease
with increasing age, while this clear correlation could not be proven for poultry so far (Gaire et
al. 2020).

5.1.2 Results of the in vivo challenge trial
The preselected combination of E. faecium DSM 7134 and FOS together with strain-specific
parent stock vaccination was effective in increasing BW and BWG of broilers exposed to a
multidrug-resistant E. coli strain. The growth-promoting effect of a combination of E. faecium
with FOS has been demonstrated in other poultry trials as well (Awad et al. 2009; Mousavi et
al. 2015; Abdel-Wareth et al. 2018). In addition, it has been shown that diet supplementation
with this synbiotic is associated to effects on intestinal morphology (e.g. increased VH and
VH:CD) (Awad et al. 2008; Hassanpour et al. 2013) and higher glucose absorption detected in
Ussing chambers (Awad et al. 2008). These mechanisms could be one part of the explanation
for the improved performance data in Part Il of the thesis. Indeed, the impact on intestinal

morphology could also be demonstrated for the E. faecium DSM 7134 strain (Ognik et al.
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2017). However, the present trial indicated better performance data in the group that received
both maternal vaccination and the synbiotic preparation compared to the single treatments. In
contrast to the beneficial outcomes with the symbiotic treatment in the aforenamed studies,
another experiment showed that vaccination of hens against E. coli alone did not lead to higher
weight gains in their offspring (Gregersen et al. 2010). As this experimental setup did not
include a challenge, it is not possible to say whether the parent stock vaccination would have
led to a mitigation of the performance losses caused by an infection in the progenies. Instead,
a retrospective study from Finland showed that maternal vaccination during a colibacillosis
outbreak was helpful in reducing broiler mortality, especially when an autogenous vaccine was
applied (Bistrom et al. 2024). This demonstrates the protective potential of passive
immunization for the offspring under high infection pressure through parent stock vaccination
and additionally the advantage of a custom-made vaccine according to the prevailing infection
strain (Bistrom et al. 2024). Since the present study showed the best performance in the group
that received both preventive treatments (maternal vaccination with pre- and probiotic
combination), it remains to be investigated how the two approaches could have positively
complemented each other.

As the combined strategy led to modulation of the microbiome composition (e.g. reduced
relative abundance of Proteobacteria in digesta samples) in the current investigation and the
intestinal bacteria are related to growth performance (see chapter 2.1.3) this could be at least
one explanatory approach for the detected results. Other authors also reported effects on the
caecal bacterial populations by an administration of a E. faecium-FOS synbiotic product (Dibaji
et al. 2014). Likewise, E. faecium DSM 7134, the strain supplemented in the present animal
trial, was found to shift the bacterial composition in excreta samples (Park et al. 2016). This
observation was accompanied by an improved nutrient utilization and increased production
performance in laying hens (Park et al. 2016). Moreover, other data indicated that chicks
benefit from maternal immunity through improved establishment of intestinal development and
immunity, which has also been associated to improved growth performance and reduced
mortality (Gong et al. 2023). In addition, immunological advantages in hens are suggested to
influence the microbial composition of their reproductive system (Gong et al. 2023). This in
turn could have an influence on the gastrointestinal microbiome of the offspring (Gong et al.
2023). Thus, influencing the maternal immune status by vaccination might have elevated the
positive impacts of the synbiotic application on broiler growth and microbiome shift in Part Il of
this thesis.

Despite the positive outcomes of the combined strategy (maternal vaccination with pre- and
probiotic supplementation) regarding zootechnical performance, bacterial composition and
generation of bacterial metabolites, the spread of specific antibiotic resistance genes could not

be reduced. The underlying presumption of the examination was that the synbiotic
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administration can inhibit the proliferation of the multidrug-resistant E. coli strain and possibly
further resistant bacteria in the broilers gut and in turn reduce the spread of their resistance
genes. Previously authors demonstrated a reduced caecal load, organ invasion and
transmission of ESBL-producing E. coli strains after probiotic administration in chickens
(Ceccarelli et al. 2017; Methner et al. 2019; Saliu et al. 2020). However, these outcomes are
not necessarily synonymous with reduced spread of resistance genes. As indicated by other
data, the conjugation frequency of antibiotic-resistant genes can even be increased by
administration of feed additives (Saliu et al. 2020). Thus, chicken intestinal commensals can
serve as recipients for resistance genes (Card Roderick et al. 2017; Saliu et al. 2020) and
maintain their prevalence.

In summary, the multifactorial preventive strategy was successful in improving growth
performance in broilers and reducing the relative abundance of Proteobacteria in the digestive
tract along with the pH level. In case of antibiotic resistance genes, one could speculate that
there might have been reduced excretion of resistance genes in the treatment groups, if
compared to an antibiotic control group. However, as there was no such control group included
into the setup, it can only be concluded that the preventive strategy with synbiotic and/or
maternal vaccination has no significant influence on the excretion level of certain antibiotic

resistance genes compared to the untreated positive control.

5.2 Evaluation of the experimental setups and recommendations for future

studies

5.2.1 Limitations of the ex vivo assay

The ex vivo assay was applied as a pre-selection method to find suitable pre and/or probiotic
products that inhibit the growth of antibiotic-resistant Enterobacteriaceae. Some limitations of
the experimental setup have already been described in the discussion section of Part Il, but
further aspects should be also considered.

Since this assay represents a simplification compared to the complex field conditions and not
all factors in and on the living animal could be taken into account, the results should be viewed
with caution in certain contexts. For example, pre- and probiotics are known to influence the
microbiota not only in the hindgut, but also in crop and ileal contents of birds (Smirnov et al.
2005; Ren et al. 2019; Ricke et al. 2020). This prior influence on the intestinal environment
was neglected by the direct supplementation of the pre-/probiotics to the caecal contents.
Thus, a dynamic in vitro model simulating the hole GIT of chickens to investigate the complex
interactions of feed supplements with the host and its microbiome is warranted in future
research (Sharma et al. 2022) (see chapter 5.3 below).

With regard to the microbiological quality of the caecal samples, it should also be considered

that the handling of the samples during collection, transport, preparation and storage may have
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affected the initial microbiological composition. It is known that insufficient cooling e.g. more
than 15 minutes at room temperature or more than three days in a domestic freezer can affect
the bacterial abundance in stool samples (Gorzelak et al. 2015). In addition, the taxonomic
composition of broiler excreta samples can be affected by exposure to oxygen (Oladele et al.
2024). These problems were partially addressed in the study design by removing the entire
caeca with contents from the chicken intestine, immediately freezing the samples to -18 °C
after removal, placing them in airtight plastic bags, and performing the ex vivo assay in the
anaerobic chamber. However, a brief exposure to oxygen during sample preparation, when
caecum content was removed from the intestine and weighted, could not be avoided. In
addition, despite the rapid weighing procedure and subsequent refreezing of the sample
material at -80 °C until further use, temperature fluctuations could not be completely
eliminated. Adverse impacts of these factors on the initial caecal microbiome may have
partially limited the validity of the assay regarding the effects of the pre- and probiotics used.
Oxygen exposure could be further reduced in future studies by also carrying out sample
preparation (e.g. weighing) in the anaerobic chamber with appropriate cooling. The cold chain
to the laboratory could be more effectively maintained by rapidly freezing the sample material
on dry ice (Fouhy et al. 2015).

Furthermore, although the selected prebiotics worked well for the Enterococcus strain, the
combination of the Bacillus strain with the prebiotic substances might not have been
appropriate. The different susceptibility of probiotics, including Bacillus strains, to various
prebiotic substances has recently been confirmed in vitro (Raval and Archana 2024). Perhaps
a combination of the Bacillus probiotic with other prebiotics would have led to better results. In
addition, B. coagulans is a spore-forming bacterium (Cao et al. 2020). Therefore, it should be
kept in mind that the experimental environment may have been insufficient to induce complete
germination of all spores and thus the effect of metabolism by the active bacterial cells.
Another aspect that was not included in the experimental design is the dose effect of different
pre- and probiotics. In the present assay, only one specific dosage of the supplements was
tested for growth inhibition of E. coli and Salmonella Enteritidis. However, it is known that dose
variation can have a decisive influence on the efficacy of pre- and probiotics (Juskiewicz et al.
2006; Dobrowolski et al. 2019).

Furthermore, as the gut microbiome changes with age (Oakley and Kogut, 2016), the results
obtained with samples from broiler breeders can probably not be transferred to younger
broilers without restrictions. In this context, it should be mentioned that the bottleneck of this
ex vivo test is the identification of an antibiotic combination that is suitable for completely
suppressing the commensal gut microbiota in the second incubation phase. Commensal
bacteria in the digestive tract of broilers show a high level of multidrug resistance (Ceccarelli

et al. 2020), which likely have made it difficult to figure out a suitable antibiotic treatment in the
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preliminary tests. Therefore, samples of broiler breeders in the laying stage were used for the
present experiment.

Allin all, the assay worked well in obtaining an initial assessment of the efficacy of certain feed
supplements in inhibiting the growth of antibiotic-resistant Enterobacteriaceae strains in caecal
contents of chickens without the need for extensive animal trial. Nevertheless, the significance
of the study could have been improved by increasing the sample size. In addition, future
experiments should include the measurements of metabolites (lactate, SCFA) and pH values
in the supernatants to ascertain explanations for the growth inhibition of the antibiotic-resistant
bacteria. Besides, the investigation of further pre- and probiotic product combinations,
variations of the dosages and the additional use of digesta samples from other sections of the

intestinal tract is recommended to expand the output of the ex vivo assay.

5.2.2 Limitations of the in vivo challenge trial

The in vivo trial was conducted to evaluate the preselected pre- and probiotic combination
together with maternal vaccination regarding growth performance, intestinal health and spread
of antibiotic resistance genes in broilers. Despite many data obtained from the trial, the
experimental setup is subject to certain limitations.

First, comparing the groups with preventive treatments to the control groups, differences were
sometimes found between the treatment groups and the negative control, whereas differences
compared with the positive control were absent. This might be due to spatial effects, as chicks
in the negative control were raised in a different stable than the challenged groups, in order to
avoid cross contaminations with the challenge bacterium. Although the general management
conditions were identical, it cannot be completely ruled out that the remaining environmental
differences influenced the microbiome related parameters. Due to extensive hygienic
measures in hatcheries and the lack of contact with the maternal microbiome after hatching,
the colonization of the intestinal tract of chicks under conventional conditions is more
dependent on the environmental microbiota (Kubasova et al. 2019), which probably also
explains the farm-specific differences in the microbiome of young chickens from different
poultry farms despite the same dietary composition (Duquenoy et al. 2020). Indeed, it has
already been shown in broilers that if the housing conditions differ in several aspects, this can
have a greater impact on the intestinal microbiota than variations in the diet (Kers et al. 2019).
However, when studying the gut microbiome, the transfer of microbes between chickens within
a similar environment must be considered as a potential interference factor as well (Kers et al.
2019).

Second, the multidrug-resistant E. coli field isolate did not induce worse performance effects
in the positive control compared to negative control group. Nevertheless, all treatment groups

(maternal vaccination and/or pre- and probiotic combination) clearly showed a better BWG
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than the negative and positive control in week two of life (one week after challenge) despite
the subclinical infection. Thus, the prevention strategy should be further tested in an animal
trial with clinically apparent Enterobacteriaceae infection to evaluate whether the treatments
would also be effective in mitigating weight loss from a severe pathogen challenge.

Third, data on microbial metabolites and bacterial abundances were only detected on day 28
of life and not directly after challenge. As a consequence, potential short time effects of the
challenge strain might have not been detected anymore. In another challenge trial with
C. perfringens, the intestinal bacterial composition of infected chickens that were no longer
exposed to the challenge tend to become similar to that of uninfected chickens just seven days
after infection (Huang et al. 2018). Another influence that decreases with increasing age of the
animals is possibly that of maternal antibodies. Maternal derived antibodies usually disappear
between 10 and 20 days after hatching (Gharaibeh and Mahmoud 2013). Nevertheless, even
though the protective effects may have been more apparent at an earlier stage, the group
descended from vaccinated hens actually showed some changes in bacterial metabolites and
abundances at day 28 compared to the control groups. This suggests long-term effects of
maternal immunity concerning modulation of the microbiota. Goblet cells could play a decisive
role here (Bar-Shira et al. 2014). They appear to prolong the persistence of maternal IgA in the
chick’s intestine through the uptake of IgA and subsequent release together with mucin after
hatching (Bar-Shira et al. 2014), which may also have affected the gut microbiome of the chicks
in the present work.

Fourth, from a clinical perspective, it might have been more sensible to focus on the intestinal
colonization rate and excretion of antibiotic-resistant Enterobacteriaceae in the present study
than on dissemination of antibiotic-resistance genes in the challenged birds. Chickens
colonized with antibiotic-resistant E. coli can transfer these via excretion to other chickens
even if the initial colonization dose is low and there is a low ratio of excretors to potential
recipients (Robé et al. 2019). An investigation of the colonization of antibiotic-resistant
Enterobacteria in the caeca or their spread via excreta might have provided better insights into
the effects of the preventive measures on antibiotic-resistant bacteria. The present in vivo trial
provided evidence that the applied multifactorial strategy could be a promising measure to
improve the gut health and performance of chickens despite an E. coli infection, thus avoiding
the administration of antibiotics. As the selection pressure would be lower without antibiotics,
this could inhibit further development of AMR and presumably also its spread. However, further
studies comparing this prevention strategy with the administration of antibiotics are necessary
to prove the significance of this effect.

Overall, the animal trial provided basic information on a multifactorial prevention strategy
consisting of parent stock vaccination and pre- and probiotic supplementation in broilers

exposed to a multidrug resistant E. coli strain. Future research is needed to confirm the positive
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results in terms of increased growth performance and gut health when the animals are exposed
to a highly pathogenic strain and raised under field conditions. The collection of further data,
for example through histological examination of the intestine and the measurement of
immunoglobulins, would be useful to obtain further indices on the mode of action of the
treatments and underpin the findings. In addition, the determination of antibiotic-resistant
Enterobacteriaceae in excreta samples would probably allow to draw conclusions from the
experimental setup, that are more clinically relevant. In order to minimize the influence of the
different environments on the recorded parameters in further studies, consideration should be
given to whether the negative control group can be reasonable integrated into the housing of
the challenge animals. However, this would only be possible with high safety precautions
concerning the possible transmission of the challenge strain and if the negative control group

is bacteriologically tested for the absence of the respective bacterium prior to sample analyses.

5.3. Future trends and practical transfer

For a sensible use of pre- and probiotics as antibiotic alternatives to suppress deleterious
bacteria in the GIT, it is essential to know their modes of action alone and in synergistic
application. The ability of a probiotic to colonize the intestine determines its potential (long-
term) effects of competing with potential pathogens. The establishment of probiotic strains in
the GIT depends to a large extent on the initial microbial situation and nutrient resources at the
site of settlement (Maldonado-Gomez et al. 2016). As individual microbiome tests are subject
to biases, it is advisable for coming research to combine different methods to determine
whether the probiotic strain has successfully established itself and whether the potentially
positive effects in the host can be attributed to this (Suez et al. 2020). At this point, culturomics
can not only broaden the view of gut microbial ecology, but also be a promising attempt to
identify new host-derived (next-generation) probiotics that are well suited for GIT colonization
(Howe et al. 2024). Recently, this method has already been used to obtain potential probiotic
strains with antimicrobial activity against Campylobacter jejuni from the poultry resident
microbiome (Duquenoy et al. 2020).

Furthermore, to increase the chance of a probiotic becoming established in the intestinal tract
of poultry under field conditions, the additional use of a prebiotic may be suggested. Despite
certain direct effects on intestinal physiology, a prebiotic without the corresponding intestinal
bacteria that benefit from it is only of limited use. Accordingly, it follows from the ISAPP
definition (see chapter 2.3.1), that the health-promoting effect of prebiotics is based on their
metabolization by host microbes (Gibson et al. 2017). Conversely, the same applies to a
probiotic that cannot successfully establish itself for a long time in the gastrointestinal tract if
the nutrient substrate is scarce (Maldonado-Gémez et al. 2016). This underlines the

usefulness of a combined application in the form of a synbiotic product in practice. Synbiotics
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have previously been shown to improve performance and intestinal morphology, reduce
mortality and alter the GIT microbiome in a field study with broilers (Prentza et al. 2023). In
addition, it has already been proven that broilers receiving a multi strain synbiotic performed
better from an economic point of view than those receiving only a pre- or probiotic or those
receiving no supplement (Saiyed et al. 2015), which is an important argument for poultry
farmers. Interestingly, another study reported the positive effects of a synbiotic consisting of
multiple probiotic strains over less complex products on gut microbial composition and SCFA
concentrations in the excreta of broiler chickens (Slizewska et al. 2020). This may be explained
by the fact that different probiotic strains in a consortium can benefit from each other through
cross-feeding and others (Rios-Covian et al. 2015). These findings should be considered when
selecting a product to stabilize the intestinal microbiome.

Another critical aspect is, that the underlying microbial composition can influence the
effectiveness of a pre- and/or probiotic application (Ajuwon 2016). Thus, the influence of
various factors (host-related and environment-related) on the initial microbiome (Kers et al.
2018) and the complex interactions of microbes with each other and with the host need to be
further clarified in future research. To address this, complementing clinical trials with genomics,
proteomics, metabolomics or their combination in nutriomics analyses can serve as holistic
approach and may also help to evaluate whether certain microbiome shifts are related to
functional changes in the animal (Ajuwon 2016). New journals are even being launched to
promote these type of studies (Liu and Guan 2024).

Regarding in vitro studies, models that mimic the entire digestive tract of poultry are useful in
future research to investigate the complex processes that take place in the GIT (De Carvalho
et al. 2021; Sharma et al. 2022). Various chicken gut simulation models have already been
developed for different research questions and thus with variable scope in the experimental
setups (Sharma et al. 2022; De Carvalho et al. 2023). Yet, the setups are mainly static, not
able to reflect the complex interactions in the digestive tract (Sharma et al. 2022). The further
development of more comprehensive models, previously adapted on the human digestive
tract, is gaining ground in the industry to examine the mechanisms of bioactive products in the
GIT of chickens (Evonik 2017; De Carvalho et al. 2021). This could be a groundbreaking
advance for the investigation of feed supplements under the influence of various aspects of
the digestive tract in poultry like digestive secretions, pH values, temperature, the immune
system, and the intestinal microbiome (Evonik 2017). Furthermore, if successfully introduced,
this could contribute to the principle of the three R’s (replace, reduce, refine) for the ethical
treatment of laboratory animals in poultry research (Sharma et al. 2022).

In general, regarding the timepoint of application of preventive means, the earlier an
intervention takes place, the more successful the protective effect appears to be in the animal.

Concerning infections with antibiotic-resistant Enterobacteriaceae, such as E. coli or
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Salmonella strains, vertical transfer of the bacteria from hens to the offspring is precarious
(Liliebjelke et al. 2005; Poulsen et al. 2017). The effects of vertical transmission can be
particularly severe if antibiotic-resistant bacteria are transmitted from healthy broiler breeders
to their offspring, where a high mortality rate can occur during the first days of life (Petersen et
al. 2006). Although the risks in the parent flocks may not be apparent, they are part of a
production system, which justifies that preventive measures are already applied at this level of
the production pyramid to interrupt a possible route of infection (Liljebjelke et al. 2005;
Christensen et al. 2021). In this context, autogenous vaccines made from the bacterium that
causes most cases of disease in the broiler farms could be the basis for future strategies. A
combination with additional vaccines can be proposed to supply further protection against
multiple strains, as maternal antibodies predominantly protect against a homologous challenge
of the vaccine strain (Keita et al. 2022; Bistrom et al. 2024). Recently, this integrative attempt
proved to reduce broiler mortality during colibacillosis outbreaks from 2016 to 2019 in Finland.
(Bistrom et al. 2024). Accordingly, combination of a commercial and a multivalent autogenous
vaccine was the most efficient vaccination program to protect conventional pullets against a
homologous E. coli challenge (Koutsianos et al. 2020). In addition, it has already been shown
that immunomodulating measures at the level of the parent stock can effectively improve the
GIT health of the offspring, which is probably not only due to the antibody transfer (Gong et al.
2023). There are indications that the maternal microbiome in the reproductive tract (influenced
by the hens' immune status) and other immune factors than antibodies can be passed on to
the chicks and thus have a decisive influence on their growth performance and health (Gong
2023). However, the extent and specification of maternal factors potentially influencing the
microbiome, immune system and the health of the progenies must be elucidated in future
research. In addition to adapted vaccination programs, the establishment of very early
applications of pre- and/or probiotics as part of early feeding or even in-ovo application could
be useful to positively shape the largely blank slate of the gut microbiome of newly hatched
chicks and improve (GIT) health (Jha et al. 2019).
To conclude, a successful preventive strategy against antibiotic-resistant and potentially
deleterious Enterobacteriaceae should be based on many synergistic individual measures. As
the interactions of intestinal microbes with each other and with the host are complex it seems
that suitable prevention strategies need to be complex as well. Derived from the currently
available literature, the following recommendations for preventive measures targeting
potentially deleterious Enterobacteriaceae in broilers could be made.
The preventive measures should

o start as early as possible (preferably already at breeder level, if there are indications of

corresponding transmission routes to the offspring),
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ideally address the initial microbial situation or be selected on a farm-specific basis,
respectively and

act specifically against the potential problem bacterium.

The requirements described above could be met with parent stock vaccinations in combination

with suitable nutritional interventions addressing the intestinal microbiome in broilers.

However, the following points should be considered for the application in poultry production.

For a more successful establishment in the intestinal tract and possibly higher
efficiency, synbiotics might be preferred over single administration of pre- and probiotic
products.

In addition, it appears to be advisable to select a multi-strain synbiotic rather than a
single-strain product.

Combinations of autogenous vaccines with other vaccines targeting the same bacterial
species but different strains seem to be recommendable to achieve a more

comprehensive protection in broiler breeders and their offspring.

Nevertheless, it remains to be noted that before the potentially beneficial effects of preventive

nutritional supplements and vaccination on the microbiome and poultry health can be fully

exploited, the housing conditions (e.g. feed, litter, climate and stocking density) must be

considered as well (Kers et al. 2018) and, if necessary, optimized.

Referring to the hypotheses, the following statements can be derived from the current thesis:

A combination of inulin or FOS with E. faecium DSM 7134 has the potential to reduce
the growth of antibiotic-resistant Enterobacteriaceae in caecum contents of broiler
breeders ex vivo. Yet, different pre- and probiotics showed variable effects on the
bacterial strains, indicating that a preselection based on the poultry farm, poultry age
and the problem bacterium is reasonable.

The strain-specific preselected combination of FOS with E. faecium DSM 7134 can
complement specific parent stock vaccination for promoting growth performance and
modulate specific aspects of intestinal health of broilers exposed to a multidrug-
resistant E. coli strain.

Nevertheless, the preselected pre- and probiotic combination together with specific
parent stock vaccination was unsuitable to reduce the spread of antibiotic resistance

genes in broiler excreta when challenged with a multidrug-resistant E. coli.
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5.4 Conclusion

The results of the ex vivo study showed variable effects of different prebiotics and/or probiotics
in terms of growth inhibition of antibiotic-resistant E. coli and S. Enteritidis strains in caecum
digesta samples and prolonged lag-times of Enterobacteriaceae depending on older age of
chickens. Generally, a combination of E. faecium DSM 7134 with inulin or FOS proved to be
the most effective treatment to impair the fithess of the antibiotic-resistant strains ex vivo. The
findings of the in vivo trial showed that the multifactorial approach consisting of maternal
vaccination with an inactivated E. coli strain and administration of E. faecium DSM 7134 in
combination with FOS can achieve synergistic effects regarding performance enhancement,
digesta pH level reduction and modulation of the intestinal microbiome in broilers exposed to
a multidrug-resistant E. coli field isolate under controlled conditions. The ex vivo preselection
of a pre- and probiotic for the bacterial strain and animal species therefore appears to be
conducive to achieving the aforementioned effects. However, the excretion of specific antibiotic
resistance genes could not be reduced with these measures.

Overall, it can be concluded from the present thesis that the applied multifactorial strategy can
favorably influence the performance and intestinal health of broilers in several aspects and
thus potentially arm chickens against infections with antibiotic-resistant Enterobacteria such
as E. coli. Future research should evaluate whether this approach is sufficient under field
conditions and whether broilers would resist infection with highly pathogenic bacteria. This is
of relevance as it could avoid the use of antibiotics and thus reduce the selection pressure for

antibiotic resistance.

79



Summary

6 Summary

Title: Preselected pre- and probiotics combined with specific parent stock vaccination

as preventive strategy targeting antibiotic-resistant Enterobacteriaceae in Broilers

The spread of antibiotic resistance has become a global issue in recent decades. Clinically
healthy animals can transfer antibiotic-resistant bacteria or resistance genes to other animals
and humans. If resistance genes are in turn transferred to pathogenic bacteria, the lack of
response to antibiotic therapy can lead to diseases that are almost impossible to cure. In
livestock farming, antibiotic-resistant bacteria are particularly common in fowl. Therefore,
alternatives are demanded in poultry production to keep birds healthy and thus reduce the use
of antibiotics and the spread of antibiotic resistance. Various measures have already been
investigated in recent years, with varying outcomes. One promising approach could be to

combine different strategies in order to achieve a more comprehensive protection.

The aim of this work was to investigate whether a preventive strategy with a preselected pre-
and probiotic combination and a strain-specific parent stock vaccine can affect the growth of
antibiotic-resistant Enterobacteriaceae and furthermore performance, gut health, and
excretion of antibiotic resistance genes in broilers exposed to a multidrug-resistant

Escherichia coli (E. coli) strain.

The methodical approach included both an ex vivo assay and an animal trial. First, the impact
of different pre- and probiotics (inulin, fructooligosaccharide, Bacillus coagulans DSM 32016,
Enterococcus faecium DSM 7134 ) and their combinations on the growth inhibition of antibiotic-
resistant Salmonella Enteritidis (S. Enteritidis) and E. coli strains in caecal contents of broiler
breeders were investigated. The samples were obtained from three different flocks (five birds
per flock) at two different sampling timepoints (25 and 50 weeks of life). Subsequently, the
most promising pre-/probiotic combination was added to a basal diet and further examined in
an in vivo study with broiler chickens exposed to the E. coli strain from the ex vivo assay
(challenge on day eight of life). Beside the pre- and probiotic group, the animal trial also
included a group descended from vaccinated hens; a group from vaccinated hens that
additionally received the pre-/probiotic combination; and a negative and positive control group.
Each treatment group consisted of five replicates, each comprising a pen with nine chicks.
Performance parameters were measured weekly until the end of the trial on day 28. In addition,
data on microbial metabolites, pH values and microbial compositions in crop and caecum
digesta samples were collected and antibiotic resistance genes were determined in the

excreta.
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Of the pre- and probiotics tested in the ex vivo study Enterococcus faecium (E. faecium)
together with fructooligosaccharide (FOS) or inulin proved to be most efficient in extending the
lag time of E. coli O1/018 and S. Enteritidis compared to the control without additives.
Moreover, a higher age of the broiler breeders (50 compared to 25 weeks) was also a
significant factor impairing the fitness of the antibiotic-resistant strains. Interestingly, both the
single applications and other product combinations did not inhibit the growth of the selected
bacteria strains and, in some cases, even improved it. The poultry trial revealed synergistic
impacts of the preselected combination of E. faecium and FOS together with maternal
vaccination on body weight and body weight gain of broilers exposed to the multidrug-resistant
E. coli. In addition, this multifactorial strategy elevated L-lactate concentrations in crop
contents, decreased pH levels in crop and caecal contents, and reduced the relative
abundance of Proteobacteria therein. The ex vivo preselection of a pre- and probiotics for the
bacterial strain and the poultry species thus appeared to be reasonable in order to achieve the
above-mentioned effects. However, the excretion of specific antibiotic resistance genes could

not be diminished by the chosen approach.

In conclusion, the investigated strategy comprising a preselected pre- and probiotic
combination and a specific parent stock vaccination has the potential to positively influence
the zootechnical performance and gut health of broilers exposed to multidrug-resistant E. coli.
Future studies should examine whether these effects are sufficient under field conditions and

can serve to protect against infections with highly pathogenic Enterobacteriaceae.
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7 Zusammenfassung

Titel: Vorselektierte Pra- und Probiotika in Kombination mit spezifischer
Elterntierimpfung als Praventionsstrategie gegen antibiotikaresistente

Enterobacteriaceae bei Broilern

Die Ausbreitung von Antibiotikaresistenzen hat sich in den letzten Jahrzehnten zu einem
globalen Problem entwickelt. Klinisch gesunde Tiere konnen antibiotikaresistente Bakterien
oder Resistenzgene auf andere Tiere und Menschen Ubertragen. Wenn die Resistenzgene
wiederum auf pathogene Bakterien Ubertragen werden, kann das fehlende Ansprechen auf
eine Antibiotikatherapie zu schwer behandelbaren Krankheiten und einem Therapienotstand
fuhren. In der Nutztierhaltung treten antibiotikaresistente Bakterien besonders haufig beim
Geflligel auf. Daher werden in der Gefligelhaltung dringend Alternativen zu antibiotischen
Therapien bendtigt, um die Gesundheit der Tiere zu erhalten und damit den Einsatz von
Antibiotika und die Verbreitung von Antibiotikaresistenzen zu verringern. In den letzten Jahren
wurden bereits verschiedene MalRnahmen mit unterschiedlicher Wirkung untersucht. Ein
vielversprechender Ansatz kénnte darin bestehen, verschiedene Strategien zu kombinieren,

um einen umfassenderen Schutz zu erreichen.

Ziel dieser Arbeit war es zu untersuchen, ob eine praventive Strategie mit einer vorselektierten
Pra- und Probiotikum-Kombination und einem stammspezifischen Elterntierimpfstoff das
Wachstum von antibiotikaresistenten Enterobacteriaceae und daruber hinaus die
Wachstumsleistung, Darmgesundheit und Ausscheidung von Antibiotikaresistenzgenen bei
Broilern, die einem multiresistenten Escherichia coli (E. coli) Stamm ausgesetzt sind,

beeinflussen kann.

Der methodische Ansatz umfasste sowohl eine ex vivo Untersuchung als auch einen
Tierversuch. Zunachst wurden die Auswirkungen verschiedener Pra- und Probiotika (Inulin,
Fructooligosaccharide, Bacillus coagulans DSM 32016, Enterococcus faecium DSM 7134) und
deren Kombinationen auf die Wachstumshemmung von antibiotikaresistenten Salmonella
Enteritidis (S. Enteritidis) und E. coli Stdmmen im Caecuminhalt von Broilerelterntieren
untersucht. Die Proben wurden aus drei verschiedenen Herden (finf Végel pro Herde) zu zwei
verschiedenen Probenentnahmezeitpunkten (25 und 50 Lebenswochen) gewonnen.

AnschlieRend wurde die vielversprechendste Produktkombination einem Grundfutter
zugesetzt und in einer in vivo Studie mit Broilern untersucht, die dem E. coli Stamm aus dem
ex vivo Test ausgesetzt waren (Challenge am achten Lebenstag). Neben der Pra- und

Probiotikum-Gruppe umfasste der Tierversuch auch eine Gruppe, die von geimpften Hennen
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abstammte; eine Gruppe, die von geimpften Hennen abstammte und zusatzlich die Pra-
/Probiotikum-Kombination erhielt; sowie eine negative und eine positive Kontrollgruppe. Jede
Behandlungsgruppe umfasste finf Replikate, wobei neun Kiken pro Gehege ein Replikat
darstellten. Die Leistungsparameter wurden wdchentlich bis zum Ende des Versuchs an Tag
28 gemessen. Darlber hinaus wurden Daten zu mikrobiellen Metaboliten, pH-Werten und
mikrobiellen Zusammensetzungen in den Kropf- und Caecumchymusproben erhoben und

Antibiotikaresistenzgene in den Exkrementen ermittelt.

Von den in der ex vivo Studie getesteten Pra- und Probiotika erwies sich Enterococcus faecium
(E. faecium) zusammen mit Fructooligosacchariden (FOS) oder Inulin am effizientesten
bezlglich der Verlangerung der Lag-Zeiten von E. coli O1/018 und S. Enteritidis im Vergleich
zur Kontrolle ohne Zusatze. Ebenfalls beeintrachtigte ein héheres Alter der Broilerelterntiere
(50 im Vergleich zu 25 Wochen) signifikant die Fitness der antibiotikaresistenten Stamme.
Interessanterweise hemmten sowohl die Einzelanwendungen als auch andere
Produktkombinationen das Wachstum der ausgewahlten Bakterienstamme nicht oder sie
verbesserten es in einigen Fallen sogar.

Der Geflugelversuch zeigte synergistische Auswirkungen der vorselektierten Kombination von
E. faecium und FOS zusammen mit der Elterntierimpfung auf das Koérpergewicht und die
Korpergewichtszunahme von Broilern, die einem multiresistenten E. coli ausgesetzt waren.
Dartber hinaus erhdhte diese multifaktorielle Strategie die L-Laktat-Konzentrationen in
Kropfinhalten, senkte den pH-Wert in Kropf- und Caecuminhalten und verringerte die relative
Haufigkeit von Proteobakterien darin. Die ex vivo Vorauswahl eines Pra- und Probiotikums fur
den Bakterienstamm und die Gefligelart erschien somit sinnvoll, um die oben genannten
Effekte zu erzielen. Die Ausscheidung spezieller Antibiotikaresistenzgene konnte durch den

gewahlten Ansatz jedoch nicht verringert werden.

Zusammenfassend hat die untersuchte Strategie bestehend aus einer ausgewahlten Pra- und
Probiotikum-Kombination und einer spezifischen Elterntierimpfung das Potenzial, die
zootechnische Leistung und Darmgesundheit von Broilern, die einem multiresistenten E. coli
ausgesetzt sind, positiv zu beeinflussen. Zukiinftige Studien sollten untersuchen, ob diese
Effekte auch unter Feldbedingungen bestehen und zum Schutz vor Infektionen mit hoch

pathogenen Enterobacteriaceae dienen kénnen.
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